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ABSTRACT 

This review summarizes evidence that most of cell protein degradation is maintained by pathways transferring 
energy from glucose to reduction of enzymic and nonenzymic proteins (redox-responsive). In contrast, a major 
subcomponent of proteolysis is simultaneously independent of the cell redox network (redox-unresponsive). Thus 
far, direct and indirect redox-responsive proteolytic effector mechanisms characterized by various investigators 
include: several classes of proteases, some peptide protease inhibitors, substrate conjugation systems, substrate 
redox and folding status, cytoskeletal-membrane kinesis, metal homeostasis, and others. The present focus in­
volves redox control of sulfhydryl proteases and proteolytic pathways of mammalian muscle; however, other mech­
anisms, cell types, and species are also surveyed. The diversity of redox-responsive catabolic mechanisms reveals 
that the machinery of protein turnover evolved with fundamental dependencies upon the cell redox network, as 
observed in many species. The net redox status of a reversible proteolytic effector mechanism represents the bal­
ance between combined oxidative inactivating influences versus reductive activating influences. Similar to other 
proteins, redox-responsive proteolytic effectors appear to be oxidized by mixed disulfide formation, nitrosation, 
reactive oxygen species, and associations or reactions with metal ions and various pro-oxidative metabolites. Sys­
tems reducing the proteolytic machinery include major redox enzyme chains, such as thioredoxins or glutaredox­
ins, and perhaps various reductive metabolites, including glutathione and dihydrohpoic acid. Much of mammalian 
intracellular protein degradation is reversibly responsive to noninjurious experimental intervention in the re­
ductive energy supply-demand balance. Proteolysis is reversibly inhibited by diamide or dehydroascorbic acid; 
and such antiproteolytic actions are strongly dependent on the cell glucose supply. However, gross redox-re­
sponsive proteolysis is not accompanied by A T P depletion or vice versa. Redox-responsive proteolysis includes 
Golgi-endoplasmic reticulum degradation, lysosomal degradation, and some amount of extravesicular degrada­
tion, all comprising more than half of total cell proteolysis. Speculatively, redox-dependent proteolysis exhibits 
features expected of a controlling influence coordinating distinct proteolytic processes under some intracellular 
conditions. Antiox. Redox Signal. 2, 851-878. 

INTRODUCTION cell and systemic metabolism, intracell signals, 

neuroendocrine controls, and roles in cell or in-

D i v e r s e proteins share a c o m m o n fate in tercell function. Recent evidence suggests that 

major alternative degradative pathways, most of cell protein degradation requires cell 

Subcomponents of cell proteolysis are incom- reducing energy; however s o m e proteolysis is 

pletely characterized with regard to such fea- redox-independent (Figs. 1-4). 

tures as proteases involved, substrate sped- The energy of glucose can be transferred to 

ficity, subcellular locations, compartmental various cell processes b y t w o major metabolic 

controls, substrate designation reactions, sub- networks serving distinct cell functions; h o w -

strate translocation systems, integration with ever, the relationship of proteolysis to either 
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network remains uncertain. The glycolytic 

pathway and Krebs cycle provide high-energy 

phosphate bond energy serving such processes 
as transport, macromolecular synthesis, and 

mechanical contraction. The pentose phosphate 

pathway transfers reductive energy from 

glucose to cell redox chains serving various 

bioreductive processes. Among bioreductive 
processes is the reduction of enzymic and 

nonenzymic proteins and metabolites by vari­

ous branches of the redox chains. Interconver-

sion pathways provide some degree of meta­
bolic transfer between the two networks; 

however, the quantitative extent of transfer is 
limited. The redox network appears to be in­
teractive with the nitric oxide network, sug­

gesting extreme complexity (reviewed in Clai­
borne et al, 1999; Stubauer et al, 1999). 
Over the last several decades, it has become ac­

cepted that much of cell protein degradation is 

controlled by or responds to fluctuations in the 
cell ATP content (Morgan, 1982; Gronestejski et 
al, 1985). ATP is not directly involved in biore­
ductive processes. Some components of the pro­
teasome translocation system exhibit ATPase ac­
tivity (Suzuki et al, 1997; Baumeister et al, 1998). 
ATP is also required for several protein conjuga­
tion systems serving diverse roles, including a 
proposed influence on protein degradation 
(Mizushima et al, 1998). Other ATP requirements 
for proteolysis include proton or other transport 
processes, cytoplasmic motility, fluid motion, 
vesicular-membrane movement, and substrate 
translocation. In contrast, research in the possible 
role of the cell reducing network in proteolysis 
was halted by simultaneous independent reports 
that protein degradation was unrelated to exper­
imentation believed to reveal the cell redox sta­
tus (Chua and Kleinhans, 1985; Fagan and Gold­
berg, 1985). Other reports claimed that some 
pro-oxidative conditions increased cell proteoly­
sis or caused biphasic effects. 
Although not fully reviewed here, many 

studies of protein degradation are complicated 

by debatable hypotheses, as well as multiple ex­
perimental obstacles. Exposure of cultured cells 

to metabolic poisons can decrease averaged 
proteolysis prior to cell death; however, prote­
olysis is proportional to ATP depletion down to 

5% of normal ATP content (Gronestejski et al, 
1985). In the absence of mortal injury, ATP lev­
els are normally defended in a narrow range. 

Severe prelethal ATP depletion can be associ­

ated with many co-variables of unknown rele­

vance to normal cell function. Not all processes 

requiring ATP are controlled by the nonlethal 

range of ATP fluctuations. In contrast to ATP, 

the status of the entire redox network or its com­

ponents can vary markedly as part of normal 
cell hmction (Gilbert, 1984; Ziegler, 1985; Prinz 

et al, 1997; Meister, 1994,1995; Chen et al, 1995; 

Wong et al., 1995; Sen and Packer 1996; Zim-

mer, 1996; Nakamura et al, 1997; Anderson, 

1998; Cotgreave and Gerdes, 1998; DiSimplicio 
et al., 1998; Roy and Packer, 1998; Arrigo, 1999; 

Atalay and Sen, 1999; Sen, 1999). 
W e were unable to find support for control 

of myocardial proteolysis by nonlethal ATP 
fluctuations (Lockwood, 1985,1988) and sought 

a redox dependence (Thorne and Lockwood, 
1993; Lockwood, 1997, 1999). The present re­

view surveys evidence suggesting that mainte­
nance of most cell protein degradation requires 

transfer of energy from glucose to protein re­
duction. A distinct major proteolytic subcom­

ponent is simultaneously independent of the 
cell redox network. W e refer to this partition of 

total cell protein degradation as redox-respon­
sive and redox-unresponsive proteolysis. 
At the present state of knowledge, this re­

view considers two major questions: Is a large 
fraction of cell protein degradation maintained 
by redox metabolism, and what are the likely 

effector mechanisms? Affirmative answers 
seem likely; however, a requirement for re­

ductive energy need not imply a control. There­
fore, an additional question for continuing re­
search is whether some intracellular protein 
degradation might be controlled either by fluc­
tuations in the overall status of the redox net­

work or various individual redox-related con­
trols (e.g., Lockwood, 1997; Rossig et al, 1999; 
Sehajpal et al, 1999; Sen et al, 1999). 

CHARACTERIZATION OF 
INTRACELLULAR PROTEOLYTIC 

S U B C O M P O N E N T S W I T H 
EXPERIMENTAL AGENTS, 

N E U R O E N D O C R I N E FACTORS, A N D 

METABOLIC INTERVENTIONS 

Identifiable subcomponents of total cell pro­
tein degradation consist of actual localized 
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compartmental processes, e.g., endoplasmic 

reticulum (ER)-Golgi proteolysis or lysosomal 

proteolysis, and experimentally defined re­

sponses to inhibitors, activators, neuroen­

docrine agents, and metabolic interventions. 

Accordingly, a subcomponent response can 

consist of an actual degradative control or an 

interesting experimental result with unknown 

counterpart in vivo. For example, monensin and 

chloroquine can be employed to inhibit ER-

Golgi or lysosomal proteolysis, respectively, 

thereby identifying actual degradative com­

partments. However, a permeant nonspecific 

inhibitor of an entire class of proteases might 

simultaneously inhibit all enzymes sharing a 

common active site mechanism regardless of 

whether these enzymes are normally coordi­

nated under any in vivo conditions. 

Thus far, four major subcomponents of total 

cell protein degradation can be experimentally 

distinguished in perfused rat myocardium 
(methods described below) or cultured cells by 

their responsiveness to agents of known action 
(Fig. 3, and described in Lockwood, 1988,1999; 

Thome and Lockwood, 1993). First, 6% of total 

cell protein is rapidly degraded in the ER-Golgi 

compartment with a half-time of approxi­

mately 45 min. From 0-2 hr following termi­
nation of a biosynthetic labeling period, 3H 

leucine is released overwhelmingly from the 

ER-Golgi proteolytic compartment (Fig. 1A,B). 

After a 3-hr degradative period, the lysosomal 

inhibitor chloroquine inhibits 45% of remain­

ing proteolysis, thereby defining a second mem­

brane-delineated subcomponent (Fig. 1B,C). 

Low effective antilysosomal concentrations of 

chloroquine do not inhibit ER-Golgi degrada­

tion. The monovalent cation ionophore mon­

ensin inhibits both the ER-Golgi compartment 

and the lysosomal compartment (not shown). 

The unique redox probe, diamide, reversibly 

inhibits 90% of proteolysis at 0-1 hr postlabel-
ing (Fig. 1A-D), and 75% of proteolysis at 3-8 

hr postlabeling (Fig. IB-D); however, a distinct 

subcomponent of 25% is diamide insensitive 

(Fig. 1D-E). The pro-oxidative antimalarial 

drug, primaquine inhibits much of diamide-

sensitive proteolysis (Lockwood, 2000). Simul­

taneous infusion of diamide with chloroquine 

does not cause additional inhibition exceeding 

the action of diamide alone. Therefore, the lyso­
somal process inhibited by chloroquine is in­
cluded in diamide action. By subtracting the 

45% inhibitory action of chloroquine alone (Fig. 

1B,C) from the 75% inhibitory action of di­
amide (Fig. IB-D), an extralysosomal, redox-
dependent subcomponent of 30% is obtained 
(Fig. 1C,D). This experimental partition of to­

tal protein degradation can also be observed in 

cultured cells, except that the diamide-insensi-
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FIG. 1. Experimental partition of total protein degradation into major subcomponents in the isolated perfused 
rat heart. These four subcomponents can also be found in uniformly labeled cultured cells, except that results are 
variable in relation to culture condition. 
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tive subcomponent is 30-35% as compared to 

25% in partially labeled myocardium. Much of 

the diamide-inhibitable subcomponents can 
also be inhibited by nonspecific inhibitors of 

sulfhydryl proteases; however, the diamide-

resistant subcomponent is also resistant to sulf­

hydryl protease inhibitors. Interestingly, mon-

ensin, chloroquine, primaquine, and sulfhydryl 

protease active site inhibitors are all effective 

antiparasitic agents acting by different initial 

mechanisms (Barret 1997; Coombs and Mot-

tram, 1997; McKerrow, 1999). 

Interpretive limitations surrounding the 

present experimental partition of total cell pro­

tein degradation are obvious. The general fea­

tures of the two membrane-delineated com­

partments are well known; however, the other 

two experimental subcomponents are presently 

identified only by their c o m m o n responsive­

ness or nonresponsiveness to experimental in­

terventions. Individual proteolytic controls 

might violate any generalities observed as the 

average of major subcomponents. A reductive 

requirement for most proteolysis need not be ir­

reconcilable with some limited amount of pro­

teolysis that is activated by pro-oxidative con­

ditions, perhaps within the diamide-unrespon-

sive subcomponent. 

PROTEIN REDOX REACTIONS 
A N D PATHWAYS TRANSFERRING 

REDUCTIVE ENERGY FROM GLUCOSE 
TO CELL PROTEINS 

Redox reactions in protein folding and 

enzyme function 

The cytoplasm of mammalian cells and mi­

crobes is normally reduced. In the mammalian 

cell, the redox ratios of N A D P H / N A D P + , re­

duced glutathione/oxidized glutathione (GSH/ 

GSSG), and ascorbic acid/dehydroascorbic 

acid ( A A / D H A ) are more than 100:1. The cell 

redox network is involved in both oxidoreduc­

tase reactions of protein folding and other 

types of redox reactions involving protein func­

tion and enzyme activities (discussed in 

Kerblat et al, 1999). The overall reduced state 

of the cytoplasm interferes with the oxidative 

formation of intramolecular disulfides during 

protein folding. In the mammalian ER or bac­

terial periplasm, some proteins undergo re­

peated oxidations and reductions before mis­

matched internal disulfides attain their native 

disulfide bonds (Bader et al, 1999; Bessette et 

al, 1999; Debarbieux and Beckwith, 1998,1999; 

Rietsch et al, 1997). Although the difference be­

tween a nascent unfolded protein and a native 

disulfide bonded protein involves net oxida­

tion of sulfhydryls to disulfides, protein disul­

fide oxidoreductase systems repeatedly reduce 

intermediate oxidized states of the protein dur­

ing its progress to the native state. Despite in­

terrelationships, it is helpful to distinguish 

structural oxido-reductions from other areas of 

protein reduction, such as redox-responsive en­

zyme activations, which are also mediated by 

cell reductase chains (Fig. 2). For example, im­

munoglobulin degradation can be simultane­

ously influenced by protease activation and 

substrate reduction (Kerblat et al, 1999). 

Relative rates of protein oxidation versus 

reduction and net protein redox status 

The redox state of some proteins represents 

the net result of their relative rates of oxidation 

versus reduction (Prinz et al, 1997; Sies 1997; 

Stewart et al, 1998; Aslund and Beckwith, 

1999a,b; Bader et al, 1999; Debarbieux and 

Beckwith, 1999). Even under the overwhelm­

ingly reduced state of the cytoplasm, proteins 

such as cathepsin B can undergo a variety of 

spontaneous oxidative reactions resulting from 

various metabolites, reactive oxygen species 

(ROS), nitric oxide (NO), metals, and xenobi-

otics (Table 1). The cell antioxidant system and 

reductive system serve to prevent or reverse 

some types of protein oxidations (Fernando et 

al, 1992; Jain et al, 1992; Meister, 1992, 1994; 

Muller, 1996; Slekor et al, 1996; Sies, 1997; 

Ursini et al, 1997; Luikenhuis et al, 1998; Paget 

et al, 1998; Hayes and McClellon, 1999; Lee et 

al, 1999a; Rodriguez et al, 1999). The major 

reservoir of the antioxidant system, A A , and 

the major reservoir of the reducing system, 

GSH, both undergo spontaneous oxidation in 

the presence of suitable electron acceptors 

(Rusakow et al, 1995; Anderson, 1998; Ban-

hegyi et al, 1997). Reduced A A and G S H are 

maintained by transfer of reductive energy 

from glucose through redox chains to reduc-
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FIG. 2. (A) Selected topics in redox-responsive protein degradation. Enzymes of the redox chains are described in 
the text. Multiple types of direct or indirect proteolytic effector mechanisms are proteins that are responsive to the 
intracellular redox network. The degradative machinery can undergo many types of oxidative and reductive reac­
tions; and the net redox status represents the balance between multiple oxidative versus reductive influences. The 
major reductive chains shown are only two of the conceivable mechanisms by which reductive energy can be trans­
ferred from glucose into and out of a protein. A third enzyme system, protein disulfide isomerase, catalyzes repeated 
reductions and oxidations of nascent protein sulfhydryls during folding and native disulfide formation. Other re­
ductive pathways include lipoic acid which can be reduced by thioredoxin reductase (Fig. 5). Proteins can be reduced 
by metabolites such as GSFI or dihydrohpoic acid or oxidized by metabolites such as D H A , ubiquinone, or mena­
dione and others. Extracellular exposure to diamide or slightly supraphysiologic D H A inhibits intiacellular protein 
degradation; and these actions can be reversed by simultaneous exposure to DTT. DTT can reduce intracellular re­
dox chain components, various pro-oxidative experimental agents, and many oxidized intiacellular proteins. The on­
set and reversal of pro-oxidative antiproteolytic intervention is strongly dependent upon the cell glucose supply (Lock-
wood, 1999). (B) A hypothetical pathway transferring reductive energy from glucose to the activation of a protease. 
Some sulfhydryl proteases of all phyla undergo spontaneous oxidative inactivation. In vitro assay of sulfhydryl pro­
teases is activated by sulfhydryl reductant and metal chelator. Oxidized forms of papain and cathepsin B can be re-
ductively reactivated by the purified N A D P H dependent, thioredoxin reductase-thioredoxin system (Stephen et al., 
1993; Kerblat et al., 1999). Other possible reductants include lipoic acid (Holmgren, 1979b; Sen et al, 1999) (Fig. 5). 
These combined findings from separate investigations in conjunction with the glucose dependence of redox-respon­
sive protein degradation (Lockwood, 1999) permit construction of hypothetical pathways from glucose to the reduc­
tive activation of protein degradation. G S H can nonenzymatically activate sulfhydryl proteases with much less po­
tency than disulfhydryl agents (Fig. 4). 

tion of D H A and G S H disulfide (Bergsten et al, 

1990; Wells et al, 1990; Coassin et al, 1991; 

Martensson and Meister, 1991; W a s h k o et al, 

1992; Meister, 1994; M a y et al, 1995,1997,1998; 

R u s a k o w et al, 1995; Krauth-Siegel and Lude-

m a n n , 1996; Park a n d Levine, 1996; Foyer and 

Mullineaux, 1998; Ishikawa et al, 1998; M e n -

driatta et al, 1998a,b; W a s h b u r n and Wells, 

1999a,b) (Fig. 4). Reduced G S H can participate 

in both antioxidant and reductant actions; 

however, a possible role of A A in re­

ductive processes is uncertain. T h e s a m e path-
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Table 1. Selected Sulfur Redox Reactions 
Influencing Catalytic and Remote Sites 

of Proteases and Other Enzymes 

A. PrS-SRi + RSH 1» PrSH + R1S-SR2 

B. PrS-SRi + TRX(SH)2 • PrSH + RSH -<• TRX(S-S) 

C. PrS-SR + 2GSH GRX» PrSH + RSH + GS-SG 

D. PrS-OH 

E. Pr-Mn ? 
• 

F. Pr-Metabolite 

G. PrS-NO 

Proteins can oxidize to the structures shown at the left, 
and other structures not shown. The cell antioxidant 
systems and reductive systems can prevent or reverse 
some protein oxidations. The functions of some proteins 
are inactivated by oxidations, e.g., most sulfhydryl 
proteases, whereas others are activated, e.g., some 
peptide protease inhibitors. Each individual protein can 
potentially differ in its tendency to undergo these and 
other oxidative versus reductive reactions under the iden­
tical redox environment. Indeed, some of these reactions 
might involve specific interactions with metals or metabo­
lites. In A-C, R S H are nonprotein sulfhydryls that can 
form mixed disulfides with protein sulfhydryls, e.g., 
cysteine, G S H , or synthetic monosulfhydryls. Reaction A 
is a disulfide-sulfhydryl exchange of redox state. Reaction 
B is disulfide reduction by thioredoxin disulfhydryls (see 
also Fig. 1). Reaction C is disulfide reduction by glutare-
doxin-catalyzed G S H oxidation. Reaction C can occur 
nonenzymatically. Reaction D is reduction of protein 
oxygenation that can be catalyzed by thioredoxin. The 
cellular basis for prevention or reversal of a protein-metal 
interaction (E) is largely unexplained. Some oxidative 
protein sulfhydryl interactions with metabolites (F) such 
as D H A are reversible; however, some protein-metabo­
lite conjugations are irreversible, e.g., reactive intermedi­
ates of many xenobiotics. Protein-metabolite interactions 
such as D H L A can also be reductive. Amino acids in 
addition to cysteine are also redox-responsive, e.g., 
histidine or methionine. The cell redox network can also 
interact with protein prosthetic groups such as heme or 
flavins (not shown). Protein nitrosothiol metabolism (G) 
and the relation to redox metabolism is controversial 
(reviewed by Claiborne et al., 1999; Stubauer et al, 1999). 

ways reducing GSSG and D H A can also 

reduce proteins as alternative competing 

substrates. 

Some protein oxidations are irreversible, and 

some reductions are rather stable. Spontaneous 

oxidation to protein sulfoxide has been sug­

gested to be reversed enzymatically by the 

thioredoxin system and perhaps other mecha­

nisms (Claiborne et al, 1999). Protein-mixed 

disulfide formation is reversible by several re­

ductases (Miller et al, 1991; Holmgren and 

Aslund, 1995; Holmgren and Borgstedt, 1995; 

Jung and Thomas, 1996). A familiar reversible 

protein redox reaction integrated with cell re­

dox function is the transition between Fe2+ and 

Fe3+ of hemoglobin (Oliveira et al, 1999) (de­

scribed below). Cell metal homeostasis and sul­

fur redox status are intimately related (Cornell 

and Crivaro, 1972; Sigel et al, 1978; Gromer et 

al, 1998; Sasoda et al, 1999; Shi et al, 1999). 

Metal and sulfhydryl redox can be simultane­

ously influenced by exposure to some of the 

same exogenous agents, such as antimalarial 

drugs (Vasquez-Vivar and Augusto, 1992; 

Fryauff et al, 1995; DiSimplicio et al, 1998). 

Some other protein oxidations are irreparable 

and require degradation and resynthesis for 

restoration of protein structure. 

Biologic and pharmacologic reactions of sulfur 

and vicinal disulfhydryls 

Redox reactions of protein sulfhydryls in­

clude formation of intra- or intermolecular 

disulfides, oxygenation products, metal ligands, 

nitrosothiols, and covalent or noncovalent in­

teractions with a large number of cell metabo­

lites (Table 1) (DiSimplicio et al, 1998). Endoge­

nous metabolic controls associated with 

reversible oxygenations, nitrosations, and pro­

tein-mixed disulfide reactions have been sug­

gested, including proteolytic controls (Gilbert, 

1984; Ziegler, 1985; Claiborne et al, 1999; Sies et 

al, 1999; Stubauer et al, 1999 and see below). 

The thioredoxin motif is found in a growing 

number of thioredoxins, glutaredoxins, and 

protein disulfide isomerases, and their reaction 

mechanisms are currently under investigation 

(Holmgren and Aslund, 1995; Holmgren and 

Bjornstedt, 1995; Muller et al, 1996; Park and 

Levine, 1996; Jordon et al, 1997; Zhong et al, 

1998; Aslund and Beckwith, 1999b; Ferrari and 

Soling, 1999; Langenbach and Sottile, 1999; Lee 

et al, 1999b; Lillig et al, 1999; Mossner et al, 

1999; Pedrajas et al, 1999). A similar reversible 

disulfhydryl-disulfide active site motif is found 

in the three types of reductases: Cys-X-X-Cys, 

where X-X is a dipeptide sequence of variable 

composition in different enzymes. The vicinal 

disulfhydryls of the thioredoxin motif have 

been considered to be the endogenous coun-
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terpart of dithiothreitol (DTT) insofar as the in­

tramolecular oxidation to a disulfide can be 

coupled to the nonspecific reduction of many 

types of protein or nonprotein electron accep­

tors. The disulfhydryls of the thioredoxin 

motif or dihydrohpoic acid can reduce a large 

variety of protein disulfides, nonprotein disul­

fides, oxygenated sulfur, and endogenous 

metabolites such as ketones, metals, and phar­

macologic agents (Yang et al, 1983; Wynn et al, 

1995; Holmgren, 1995; Holmgren and Aslund, 

1995; Wynn et al, 1995; Arner et al, 1996; Prinz 

et al, 1997; Huber-Wunderlich and Glockshu-

ber, 1998; Lundstrom-Ljung et al, 1999; 

Oliveira et al, 1999; Shi et al, 1999). The phar­

macology of some useful exogenous redox-ac­

tive agents bears analogy to endogenous redox 

reactions and enzyme mechanisms including 

some degree of nonspecificity. Vicinal in­

tramolecular disulfhydryls of the thioredoxin 

motif, dihydrolipoic acid, and some synthetic 

disulfhydryl agents exhibit several chemical 

properties involved in their actions as effective 

reductants. The immediate proximity of con­

strained disulfhydryls in a microenvironment 

creates the equivalent of a large concentration 
of unattached monothiols, thereby kinetically 

enhancing the formation of oxidized internal 

disulfides when a suitable electron acceptor is 
available. In Cleland's original paper (Cleland, 

1964), it is discussed that the formation of a sta­

ble cyclic intramolecular ring disulfide is the 

key to coupling the internal oxidation of vici­

nal DTT disulfhydryls to the reduction of other 

molecules. At least some functions of mutated 

thioredoxin reductase or G S H reductase can be 

replaced by exposure of bacteria to synthetic 

disulfhydryl agents; therefore, disulfhydryl 

agents seem to be a pharmacologic substitute 

for some functions of the cell redox network 

(Prinz et al, 1997; Aslund and Beckwith, 1999b; 

Debarbieux and Beckwith, 1999). Glutaredoxin 

draws upon the large reductive reservoir of 

GSH, whereas thioredoxin utilizes N A D P H for 

protein reduction. 
Kosower's reagent diamide is a unique non­

toxic agent that can promote the formation of 

disulfides from monosulfhydryls (Biaglow and 

Nygaard, 1973; Miller et al, 1991; Kosower and 

Kosower, 1995; Jung and Thomas, 1996; Dafre 

and ReischI, 1998). Diamide apparently does 

not form stable adducts with sulfhydryls, but 

rather promotes their oxidation via an inter­

mediate mixed sulfide. Nonetheless, some 

amount of mixed diamide-sulfide intermediate 

can presumably accumulate under some con­

ditions. Diamide can also react with non-

sulfhydryl molecules such as N A D P H , al­

though with a much lesser rate. The oxidation 

of DTT can be directly coupled to the reduc­

tion of diamide or thioredoxin or other pro­

teins. Therefore, exposure of cells to stoichio­

metric excess of DTT concurrent with lesser 

amounts of prior diamide can simultaneously 

reduce intracell diamide as well as the re­
versibly oxidized cell targets of diamide action. 

In some intracellular experimentation, we have 

found it informative to impose pro-oxidative 

conditions with diamide, DHA, or alloxan fol­
lowed by antagonistic reduction of both ex­

ogenous oxidant and oxidized cell targets us­
ing simultaneously infused excess DTT under 

continued exposure to oxidant (Fig. 4). 
Mono- or disulfhydryls form bonds with a 

wide variety of biologic and nonbiologic met­

als (Cornell and Crivaro, 1972; Sigel et al, 1978; 
Aposhian, 1983). The cell redox network is in­
teractive with metal homeostasis including 

zinc, copper, and iron (Sigel et al, 1978; Vulpe 

and Packman, 1995; Reyes, 1996; Gromer et al, 

1998; Oliveira et al, 1999; Sasoda et al, 1999; Shi 
et al, 1999). Indeed, regulation of metals and 

redox status is hopelessly interrelated for pur­
poses of some types of intracellular experi­

mentation. Vicinal disulfhydryls such as dihy­
drohpoic acid (DHLA) are simultaneously 

reductants, and also metal chelators (Sigel et al, 
1978). The Zn2+-DTT complex has a stability 

constant of 1011 (Cornell and Crivaro, 1972). 

Oxygen and various ROS can oxygenate 
sulfur to -SOH (sulfenic), -S02H (sulfuric), or 

-S03H (sulfonic) states (Claiborne et al, 1999). 
Reductive reversal of protein sulfenic acids has 

been reviewed (Claiborne et al, 1999). Sulfox­

ide is a tautomer of sulfenic acid. Enzymatic re­

versal of various other sulfhydryl oxygenations 

and their metabolic roles in mammalian cells is 

uncertain. Sulfur nitrosylation is a new area in 
rapid development (Stubauer et al, 1999); and 

its significance is uncertain (Rossig et al, 1999; 

Sehajpal et al, 1999). 
A wide variety of endogenous or exogenous 
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ketones, aldehydes, or epoxides can react with 

sulfur to f o r m covalent adducts or unrecognized 

noncovalent associations, as well as promoting 

disulfide formation. A m o n g the first experimen­

tal protein sulfhydryl oxidizing agents w a s the 

ring tetraketone alloxan, w h i c h is a potent 

sulfhydryl protease inhibitor ( W i n t e r b o u m e a n d 

Munday, 1989; Lenzen and Munday, 1991). 

Sulfhydryls are believed either to reduce alloxan 

to dialuric acid or form covalent adducts with its 

vicinal keto oxygens, probably with multiple co­

ordinations. D H A is an endogenous ring bike-
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FIG. 3. Dependence of a myocardial proteolytic subcomponent on redox metabolism and independence of ATP 
fluctuations. The release of incorporated [3H]leucine from proteins was studied in the effluent perfusate of the rat 
heart under nonrecirculating perfusion (see text and Lockwood, 1999). Ventricular contractile rhythm was character­
ized simultaneous with release of [3H]leucine postcursor using a fluid-filled ventricular catheter connected to a pres­
sure transducer and recorder. The letters designating contractile rhythms shown at the right correspond to the letters 
at the indicated perfusion times at the left. ATP was measured in ventricular biopsies. The perfusate contained glu­
cose and physiologic citiate, pyruvate, lactate, complete amino acids, and albumin. These preparations contained 10 
m M glucose; however, the effects of different glucose concentiations on protein degradation have been described. 
The initial rate of release of [3H]leucine has been normalized to 100% of 104 cpm/min (see Lockwood, 1999). In sep­
arate experiments 1 and 2, conclusions were similar whether diamide or azide were infused at 20 min (Exp. 1) or 3 
hr (Exp. 2) postlabeling, excluding a 20-min preliminary washout period. Sodium azide can cause a measured 60% 
decrease in ATP and severe contractile dysrhythmia without accompanying change in protein degradation. The ar­
rows indicate progressive inability of the myocardium to relax under increasing ATP deficiency. Conversely, diamide 
caused a large inhibition in protein degradation with no accompanying change in tissue ATP content or impairment 
of contractile function. This action of diamide is metabolically 85% reversible within 1-2 hr of discontinuation. The 
arrow of the contiol rhythm indicates a normal premature ventricular contraction typical of the in vivo heart. 

tone with structural and reactive homology to al­

loxan, including strong sulfhydryl reactivity and 

protease inhibition. Ubiquinone, menadione, 

and D H A have been suggested as endogenous 

protein oxidants (Banhegyi et al, 1998; Debarbi­

eux and Beckwith, 1998,1999; Bader et al, 1999). 

Among endogenous reductants, D H L A is an in­

teresting disulfhydryl with protein and protease 

reductant properties (Holmgren, 1979a,b; Packer 

et al, 1995; Arner et al, 1996; Sen et al, 1999) (Fig. 

5). Importantly, a redox-active protein might be 

simultaneously influenced by multiple interac­

tions surveyed above. 

Sources of cell reductive energy and transfer to 

redox chains 

N A D P H is the primary reductant driving 

distal reductive processes by maintaining re­

duced reductases (Zimmer, 1996). In rat heart, 

multiple enzymes can be involved in the pro­

duction of N A D P H (Satrustegui and Machado, 

1980). However the majority of the N A D P H re­

quirement is met by oxidation of glucoses-

phosphate via the pentose phosphate pathway. 

The pentose phosphate pathway is rate-lim­

ited primarily by glucose-6-phosphate dehy­

drogenase (G-6-PD). The rate of reaction of 

G-6-PD is strongly influenced by cell levels of 

N A D P H / N A D P + , although in various species 

some other influences have been suggested such 

as thioredoxin (Gleason, 1996). The evolved 

maximal capacity of activated G-6-PD to supply 

cell reductive energy is insufficient under some 

situations involving increased oxidative de­

mands such as parasitism (Bozzi et al, 1996; Bar­

ret, 1997; Krauth-Sigel and Coombs, 1999). 

The prevailing rate of reductive energy trans­

fer and net levels of reduced chain intermedi­

ates represent a supply-demand balance. The 

reduced state of redox chain intermediates can 

be depleted experimentally by either an insuffi­

ciency of glucose supply feeding the chains or 

an excess demand for reductive energy caused 

by a wide variety of endogenous metabolites or 

exogenous agents. Upon some types of in­

creased oxidative demand, cell stores of G S H 

can be oxidized first followed by secondary 

N A D P H depletion as N A D P H is drawn to pro­

vide G S H repletion via G S H reductase (Biaglow 

and Nygaard, 1973; Kosower and Kosower, 

1995). Despite all remaining unknowns, the cell 

reductive chain status can be moderately de­

pleted by increased oxidative demand without 

accompanying A T P depletion or appreciable 

pathogenesis (Spyrou and Holmgren, 1996; 

Lockwood, 1999). Nonetheless, severe sustained 

depletion of cell reducing energy is eventually 

injurious, thereby recruiting a series of prelethal 

responses that are not relevant to normal or 

physiologically stressed cell function. 

Redox chains transferring reductive energy from 

glucose to protein reduction and proteolysis 

Oxidized thioredoxin receives reductive en­

ergy from N A D P H via NADPH-dependent 

thioredoxin reductase; and reduced thiore­

doxin transfers reductive energy to a wide va­

riety of oxidized substrates (Fig. 2). Oxidized 

G S H receives reductive energy from N A D P H 
via GSH reductase. Glutaredoxin catalytically 

couples the oxidation of G S H to GSSG and re­

duction of many substrates (Holmgren, 1995; 
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FIG. 4. (A) Effect of supraphysiologic D H A on myocardial protein degradation and reversal by simultaneous D T T . 
The structures of the A A , S D A A , D H A cycle are illustrated (reviewed in W a s h k o et al, 1992; Banhegyi et al., 1997). In 
the presence of an electron acceptor, A A spontaneously oxidizes to S D A A and D H A . Cell reductases reduce D H A back 
to A A . D T T is k n o w n to reduce D H A to A A and also reduces oxidized intracellular targets of D H A action. Physiologic 
extracellular D H A concentiations of 5 p M caused no effect on proteolysis: however, a threshold concentiation of only 
15 p M caused a gradual onset of proteolytic inhibition over several hours (Lockwood, 1997). The large excess millimo­
lar D H A concentrations shown were employed to achieve the inhibition and reversal within the observation period. Si­
multaneous infusion of excess D T T largely reversed the action of continued D H A . (B) Monosulfhydryl and disulfhydryl 
activation of cathepsin B. Purified bovine cathepsin B solution was permitted to inactivate spontaneously under air, by 
approximately 97%. The inactive protease was preincubated for 15 min in the indicated concentiations of D T T or G S H 
prior to initiation of assay by addition of concentrated substrate. The substrate w a s the fluorogenic dipeptide deriva­
tive, benzyloxycarbonyl-Arg-Arg-7 amido-4-methylcoumarin (25 p M , p H 6.5), assayed by standard methods. The 5 0 % 
maximal activity occurred at approximately 50-100 p M D T T ; however, this amount of activity required approximately 
5 m M G S H . It remains u n k n o w n whether the A A / D H A or G S H / G S S G cycles might play signaling or contiolling roles 
in linking redox metabolism with some protein degradation. G S H can nonenzymatically reduce D H A . 
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FIG. 5. Activation of cathepsin B by DHLA. Sponta­
neously inactivated cathepsin B was combined with fluo-
rogenic dipeptide substrate at zero time, revealing little ini­
tial activity. At the time indicated by the arrow, a 200-fold 
concentrated solution of D H L A in dimethylsulfoxide was 
added to a final concentration of 10 p.M. Separate solvent 
controls were negative. In separate experiments, the action 
of 1.5 p M D H L A was similar to that illustrated for 10 p M . 
The maximal rate of reaction is given by the maximal slope 
of the reaction progress. Deceleration of the reaction is due 
to depletion of substrate. The maximal reaction rate caused 
by D H L A at 1-10 p M is similar to the maximal activating 
action of much higher D T T concentrations near 100 p.M, as 
shown in Fig. 4 with the same substrate. 

Holmgren and Aslund, 1995; Yang et al, 1988; 

Nordstrand et al, 1999). The various types of 

thioredoxins and glutaredoxins might exhibit 

some degree of substrate binding specificity; 

but many different protein and nonprotein tar­

gets can be nonspecifically reduced by either of 

these systems (Aslund and Beckwith, 1999a,b; 

Bessette et al, 1999). It is suggested that some 

of the same proteins can be reduced by either 

glutaredoxin or thioredoxin, thereby providing 

alternative redundant reductive pathways us­

ing either G S H or N A D P H . Lipoic acid might 

be a redox shuttle reduced by thioredoxin re­

ductase (Arner et al, 1996). 

R E D O X SIGNALS A N D C O N T R O L S A N D 

EXPERIMENTAL INTERVENTION 

The unwieldy concept of the redox network 

involves much of cell metabolism and many re­

actions in distinct compartments (Claiborne et 

al, 1999; Stubauer et al, 1999). A moderate pro-

oxidative shift is noninjurious and part of nor­

mal cell function. Even under a significant ox­

idative stress, ribonucleotide reductase can 

continue to reduce a sufficient amount of ri­

bonucleotides to deoxyribonucleotides so as to 

allow continued cell proliferation (Spyrou and 

Holmgren, 1996; Cotgreave and Gerdes, 1998). 

Thus, redox-dependent machinery is not uni­

formly sensitive to noninjurious oxidative 

stress, and some proteolysis might be prefer­

entially sensitive (Claiborne et al, 1999). 

Beyond the present scope, a very large num­

ber of cell systems can be considered to be di­

rect or indirect redox signals, or controls; and 

many might influence proteolytic effector 

mechanisms. Major redox signals believed to 

be "sensed" include sulfhydryl-disulfide status 

(e.g., Paget et al, 1998; Aslund and Beckwith, 

1999a), metal redox status (e.g., Oliveira et al, 

1999), various R O S (e.g., Chance et al, 1979; Lee 

et al, 1999), N O (Stubauer et al, 1999), and 

many metabolites including lipids, carbohy­

drates, and peptides. In diverse organisms and 

cell types, pro-oxidative agents such as metals, 

ROS, or sulfhydryl oxidants elicit changes in 

expression of diverse genes revealing the func­

tions, mechanisms, and complexities of the cell 

redox network (Sen and Packer, 1996; Slekar et 

al, 1996; Ursini, 1997; Mehta et al, 1998; Paget 

et al, 1998; Wagle et al, 1998; Arrigo, 1999; Lee 

et al, 1999b; Salremini et al, 1999). By implica­

tion, many redox-responsive genes might indi­

rectly influence proteolytic controls. For exam­

ple, adrenergic agonists stimulate mechanical 

function and metabolic demand, and increase 

the myocardial cell content of G-6-PD. Myo­

cardial G-6-PD induction under external func­

tional demand is consistent with adaption to 

stress within the redox network. Adrenergic 

agonists also decrease myocardial protein 

degradation (Lockwood, 1988). 

Supply-demand balance in the cell redox network 

and oxidative or reductive stresses 

The redox system promptly moves to offset 

increased demand for reducing energy by acti­

vating G-6-PD in response to deficiency of 

reduced intermediates such as N A D P H or, per­

haps, thioredoxin (Gleason, 1996). Accordingly, 

a large number of pro-oxidative substances 

might enter the system at various points so as 

to increase demand and appear as redox sig­

nals. The net overall reductive status of the re-
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dox network can be experimentally altered by 

either a deficiency of glucose supply or in­

creased demand caused by ROS, endogenous 

metabolites, or xenobiotic substances. Both the 
total content and rate of reductive energy flow 

through the system to proteolysis might vary 

markedly. The redox state of each individual 

proteolytic effector is the net result of all indi­

vidual influences over its relative tendencies to 
be oxidized or reduced by the many cell factors 
involved. A particular set of redox-active cell 

factors could influence each redox-sensitive tar­
get entity differentially (Claiborne et al, 1999). 
It is conceivable that an increased flow of re­
ductive energy through the network by un­

known genetic, regulatory, or metabolic mech­
anisms could cause an increase beyond the 
normal reductive status of some individual 

components or generalized "reductive stress." 

Functional demand and muscle redox status 

Various studies suggest that extreme in­
creased functional demand on muscle is associ­
ated with increased demand on the cell redox 
network to meet various metabolic needs (Ver-
bundt and Van Der Laarse, 1997). One possibil­
ity is that increased GSH oxidation is required 
to metabolize increased ROS as by-products of 
increased 02 utilization; however, other require­
ments for increased reductive energy under in­
creased functional demand are also conceivable. 
Some studies have measured total blood GSH 

and GSH disulfide levels, and their ratios before 
and after extreme exercise in humans and rats. 

When oxidized intracellular GSSG accumulates 
beyond the ability of tissues to reduce it back to 
GSH, some tissues export GSSG into the extia­
cellular fluid and blood. Therefore, increased 
blood GSSG following exercise reflects a pro-ox­
idative condition in various muscle tissues (re­
viewed in Vina et al, 1995; Sen, 1998,1999; Ata-
lay and Sen, 1999). In humans, oxidized blood 
GSSG levels are higher after treadmill exercise. 
Levels of increased GSSG were linearly corre­
lated with increased blood lactate levels. After 
rats were exercised on a treadmill, blood GSH 
decreased from 1,433 to 1,175 fiM, and GSSG in­
creased from 23 to 105 fiM. The blood GSSG/ 
GSH ratio increased from 17 to 90 X 10~3 In 

these experiments, the intracellular redox status 
of cardiac and skeletal muscles are unknown; 

however, an appreciable change is suggested by 

such in vivo results on extracellular G S H status 

(Vina et al, 1995). In the loaded perfused heart, 
the N A D P H / N A D P + ratio is unchanged by 

moderate functional stimulation. However, 

more extreme functional stimulation does in­

duce a decrease in the N A D P H / N A D P redox 
ratio (Heineman and Balaban, 1993; Scholz et al, 

1995). The GSH status of the heart can also 

change in relation to moderate functional de­

mand (Chen et al, 1995; Verbundt and Van Der 

Laarse, 1997; Atalay and Sen, 1999). 

Selective control of energy flow through 

network components 

Thus far, there is little information on possi­

ble "switches" over the flow or reductive en­

ergy to proteolysis independent of overall sup­

ply-demand balance. Various thioredoxin, 
glutaredoxin, and protein disulfide isomerase 
chain systems and lipoic acid can be compart­
mentalized in mitochondria, ER, choloroplast, 
periplasm, etc. (Debarbieux and Beckwith, 1998, 

1999; Bader et al, 1999; Hirasawa et al, 1999; Pe­
drajas et al, 1999). The various thioredoxins, 
glutaredoxins, and protein oxidoreductases me­
diating pathways of Fig. 2 do not appear to ex­

hibit much specificity for the substrates they re­
duce. Selective regulation of reductive energy 
flow through individual branches to protein 
reduction has not yet been demonstrated other 

than compartmentation. Selective nitrosyltions 
might be a candidate for selective sulfhydryl 
protease control (Rossig et al, 1999; Sehajpal et 
al, 1999). Alternative pathways demanding 

N A D P H include N A D P H oxidase, the mixed 
function oxygenase-reductase system, and oth­

ers that are omitted here because little infor­
mation exists as to how these competing path­

ways might interact with the overall network or 
protein redox (Babior, 1999). 

General mechanisms of experimental pro-
oxidative agents 

Experimental or pharmacologic interference 
with the entire cell redox network or branches 

can result from: (1) consumption of reducing 
energy at a rate greater than the ability of the 

chains to transfer it from glucose, i.e., supply-

demand imbalance; (2) diversion of reducing 

energy from normal pathways to artificial elec-
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tron sinks by redox cycling agents, e.g., "short-

circuiting" to oxygen; (3) inhibition of various 

transferring enzymes in the network indepen­

dent of the overall reductive status of the sys­

tem (Starke et al, 1997; Stubauer et al, 1999); 

and (4) some combination. Some agents such 

as alloxan are believed to be both electron 

sinks, as well as redox cycling agents. 

The features of some experimental agents or 

drugs are particularly useful among the many 

redox-active agents known to intervene in mam­

malian tissues, including perfused myocardium. 

Diamide is known to promote the formation of 

many protein-mixed disulfides in the rat heart 

(Grimm et al, 1985). DTT can reverse most of 

these diamide-induced disulfides, similar to en­

dogenous reductases. Among endogenous 
metabolites D H A is a strong sulfhydryl oxidant, 

a protein ligand, a feasible experimental tool, 

and also a potentially important intiacellular 

and intercellular redox signal (see below). Al­
though many redox cycling agents exist, few are 

suspected of transferring energy exclusively 

from a specific redox chain component to an 
electron sink such as oxygen. Primaquine action 

might include a redox-cycling mechanism, as 

well as other mechanisms (Vasquez-Vivar and 

Augusto, 1992). Primaquine provides valuable 

comparison of in vitro effects with much back­
ground in human pharmacology. These diverse 

agents are nontoxic at exposure levels that are 

effective in intervening in mammalian redox 
metabolism (Lockwood, 2000). Accordingly, 

diamide-DTT or DHA-DTT are among the most 

useful redox probes for proteolysis in isolated 

mammalian tissues; primaquine is also a valu­

able in vivo tool. 
Although many drugs are redox-active (Ra-

makrishna et al, 1990), few or none have 
proven to be completely selective for particu­

lar enzymes of the redox system (Arner et al, 

1995; Nordberg et al, 1998). Due to the interre­

lationships of redox chains, initial pharmaco­
logic interventions can cause secondary per­

turbations in the entire network (Sen, 1998). 

Selective metabolic intervention in high-

energy phosphate and redox networks 

and protein degradation 

Glucose as sole experimental substrate feeds 

both the glycolytic pathway and the pentose 

phosphate pathway, thereby maintaining the 

cell content of reductive energy via redox 

chains and ATP via glycolysis and below (Fig. 

3) (Lockwood, 1999). Accordingly, an experi­

mental supply-demand imbalance in cell ATP 

or redox status can be caused by decreasing 

their production and/or increasing demand for 

their function; however, a sufficient time pe­

riod must be provided to establish a steady 

state between input and output. With glucose 

as the sole experimental substrate, moderate 

glucose insufficiency can be met by compen­

satory increases of both hexokinase or G-6-PD 

activities so as to maintain their respective 

products. However, when the intracellar glu­

cose is decreased to an extremely low level, the 

rate-limiting enzymes are unable to compen­
sate further. The redox chains and high-energy 

phosphate system have buffering capacity to 

overcome temporary supply-demand imbal­

ance; however, the kinetics of their respective 
depletions differ markedly. Muscle cell ATP 

stores can be briefly supplemented by stores of 
phosphocreatine; however, upon acute ATP 

deficiency, functional decline begins within 
minutes. In contrast, the major redox reservoir 
of several millimolar GSH can buffer a sup­

ply-demand imbalance for prolonged periods 
following a decrease in reductive supply under 

normal metabolic demand for reductive en­
ergy. Accordingly, with glucose as the sole 
metabolic substrate, acute total glucoprivation 
can result in cell death from ATP deficiency 
under basal demand within minutes, whereas 

cell reducing chains are not simultaneously 
changed. A sufficient excess of exogenous pro­
oxidant can deplete GSH and other redox chain 

components within several minutes; however, 

this does not reflect normal in vivo metabolic 
demand for redox chain function. The cell re­

dox stores are only slowly depleted upon se­

vere total nutrient deficiency in the absence of 
exogenous pro-oxidant to increase basal de­

mand for their function. 
Selective intervention in the cell redox net­

work versus high-energy phosphate network 

can be achieved with diamide as pro-oxidant and 
sodium azide as uncoupler of mitochondrial ox­

idative phosphorylation, respectively (Lock-

wood, 1999); however, several reservations are 

implied. Stage 2 of the pentose phosphate path­
way can return the ribose phosphate from Stage 
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1 via interconversion pathways. However, dur­

ing severe inhibition of A T P production, the rate 

of metabolic return from the pentose phosphate 

pathway is grossly insufficient to sustain A T P 

levels. Conversely, upon sufficient pro-oxidative 

redox intervention, the cell is not able to provide 

sufficient reducing energy from the normal 

sources or any compensatory interconversion 

sources so as to maintain cell redox ratios. 

Interpretation of experimentation with ATP-

dependent and redox-dependent metabolic 

parameters under selective depletion-repletion 

The fundamental properties of the high-en­

ergy phosphate and redox networks lead to sev­

eral expectations in experimentation with a cell 

process that is hypothetically dependent upon 

only one network, such as protein degradation 

(Fig. 3, and summarized below). Using glucose 

as sole substrate, a promptly responding ATP-

dependent process should start to decline shortly 

after acute nonischemic glucoprivation, as phos­

phocreatine, glycogen stores, and A T P are de­

pleted within minutes under basal demand. In 

contrast, under identical conditions, a hypothet­

ical redox-dependent process might not start to 

decline for some time after acute glucoprivation 

because basal metabolic reductive demand does 

not deplete redox stores and chains for periods 

longer than several hours. The experimental 

problem of delayed depletion of redox chains 

can be approached by studying the glucose de­

pendence of the kinetics of reversal of a hypo­

thetical redox-dependent parameter following 

washout of a suitable pro-oxidant agent (see 

Lockwood, 1999). In the continued presence of 

adequate glucose, a promptly ATP-dependent 

process should decline within minutes when a 

mitochondrial uncoupler inhibits oxidative 

phosphorylation and depletes ATP. However, in 

theory, a redox-dependent process need not de­

cline under inhibition of oxidative phosphoryla­

tion and depletion of A T P until metabolic chaos 

precedes cell death. 

REDOX-RESPONSIVE PROTEOLYTIC 
EFFECTOR MECHANISMS 

Redox-responsive proteases 

Protease redox-responsiveness can be medi­

ated either via the active site or remote sites 

(Davis et al, 1999; Rossig et al, 1999). In theory, 

redox mechanisms might involve direct inter­

actions of the cell redox system with the pro­

tease or indirect interactions mediated by con­

trol of metal ions, metabolites, or substrate 

properties. Members of sulfhydryl, serine, and 

carboxyl protease classes have been shown to 

be directly or indirectly responsive to their 

redox environment, including metal and N O 

interactions. Demonstrated redox-responsive 

sulfhydryl protease reactions include protease-

mixed disulfide formation, nirrosylations, metal 

ion interactions, and reactions or associations 

with endogenous redox-active metabolites. De­

spite the existence of reductive peptide cleav­

age mechanisms, it has not been shown that the 

reduction of proteases transfers a stoichiomet­

ric reducing equivalent into a peptidolytic re­

action mechanism. It rather appears that a re­

duced protease continues to function until 

some oxidative event or metal binding changes 

the active site by mechanism(s) requiring re­

ductive energy or metal removal to reverse. It 

is conceivable that the oxidative inactivation of 

some redox-sensitive proteolysis is mediated 

by specific or group-specific inactivating sys­

tems that are opposed by reductive processes, 

e.g., D H A , menaquinone, ubiquinone, flavins, 

N O , metal binding, etc. (Loechler and Hol-

locher, 1975; Baum et al, 1996; Banhegyi et al, 

1998; Bader et al, 1999; Debarbieux and Beck­

with, 1999). 

Redox-responsive cysteine proteases 

Papain illustrates two distinct mechanisms 

of sulfhydryl protease reactivation following 

reversible formation of active site mixed di­

sulfides: disulfide-sulfhydryl exchange and 

thioredoxin-mediated reduction (Table 1). A 

papain-mixed disulfide can exchange its oxi­

dized redox state with a surrounding nonpro­

tein monosulfhydryl to yield a reduced papain 

monosulfhydryl and a nonprotein disulfide, 

provided that the nonprotein disulfide is more 

stable than the protease-mixed disulfide (Table 

1). A n artificial papain-mixed disulfide can be 

formed by reaction with methyl methane thio-

sulfonate: papain-S-S-CH3 (Singh et al, 1995, 

and see other sections in this review). This in­

active protease-mixed disulfide readily yields 

its oxidized status to a large variety of sur-
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rounding monosulfhydryls, thereby resulting 

in a reduced activated papain sulfhydryl and a 

more favored nonprotein mixed disulfide. 

Monosulfhydryls reported to exchange redox 

status with papain S-S-CH3 include cysteine, 

cysteamine, glutathione, penicillamine, 2-mer­

captoethanol, and 3-mercaptopropanoic acid, 

which span a wide range of pKa values. Inter­

estingly, the papain disulfide can also be re­

duced by reduced proteins, revealing exchange 

of redox status directly between an oxidized in­

active protease and a reduced potential sub­

strate. Whether reduced substrate proteins can 

reductively activate proteases in vivo is un­

known. Second, the reduction of papain-mixed 

disulfide can also be mediated by the purified 

reconstituted N A D P H dependent-thioredoxin 

reductase/thioredoxin system without the 

necessity of a surrounding monosulfhydryl 

(Stephen et al, 1993; Kerblat et al, 1999) (Fig. 

2). In this case, the reduction of the protease ac­

tive-site disulfide is coupled to the intramolec­

ular oxidation of thioredoxin disulfhydryls, 

comparable to the D T T reduction. 

Other than protease-mixed disulfide forma­

tion, a sound theoretical basis exists for specu­

lation as to intramolecular redox interactions 

among the active site amino acids of some 

sulfhydryl proteases. The cysteine thiolate an­

ion of many proteases is believed to interact 

with a vicinal imidazolium cation of histidine 

(Storer and Menard, 1994). This cysteine-histi-

dine interaction can exist in an active or inac­

tive intramolecular state. Each of these two vic­

inal amino acid side groups is also highly 

interactive with metals alone; the close vicinal 

positions of these amino acid side groups 

should greatly enhance their shared metal in­

teractions. In addition, the amino acids of this 

catalytic pair can oxidize. The extreme metal 

sensitivity of proteases such as cathepsin B is 

most likely explained by successful interaction 

of the metal ion with the critical cysteine-his-

tidine pair despite the presumed barrier to 

metal entry and cytoplasmic metal buffers. It is 

obvious that metal ions can be introduced by 

substrates, metabolites, or inhibitors that si­

multaneously bind the recognition site of the 

protease and also a metal ion. It is not presently 

known whether the valence state of a metal ion 

might influence this metal-protease interaction 

or whether the cell redox system might influ­

ence the active site status via the redox state or 

coordination state of some metal ions. Cations 

of zinc, copper, and iron are all interactive with 

cysteine and histidine. A n example of endoge­

nous metal ion inhibition of protease activity 

is provided by partial iron inhibition of the 

malarial parasite protease falcipain because he­

moglobin is degraded in oxidatively stressed 

erythrocytes. 

The activity of the ubiquitous sulfhydryl pro­

tease calpain is inhibited by pro-oxidative 

agents; however, its autocatalytic activation is 

not simultaneously inhibited (Guttman et al, 

1997). Because calpain contains a calmodulin 

structure, this enzyme might provide an ex­

ample of multiple influences over the activity 

of a single protease, i.e., both individual con­

trols and coordinated redox controls shared 

with other proteases. Nonetheless, there is no 

current evidence that intracellular calpain ac­

tivity is actually controlled by redox chains. 

Lipoic acid can potentiate the activation of 

caspase activity in association with apoptosis 

(Sen et al, 1999); and N O can inhibit (Rossig et 

al, 1999). 

Dozens of viral proteases are sulfhydryl en­

zymes that are inhibitable by sulfhydryl 

reagents (Gorbolenya and Snijder, 1996; Barett 

et al, 1998). In addition to processing of virally 

encoded proteins, a large variety of other pro­

tease functions have been suggested in the 

strategies of various viral life cycles (Gor­

bolenya and Snijder, 1996; Barret et al, 1998). 

Suggested viral protease functions range from 

limited proteolysis of specific viral or host pro­

teins to general degradation of many host pro­

teins. Some viral genomes code glutaredoxin; 

and it seems likely that some viral proteases 

might be responsive to host redox metabolism 

(Ahn and Moss, 1992; Davis et al, 1996, 1997, 

1999; Gorbolenya and Snijder 1996; Gvakhara 

et al, 1996). 

Although definitive evidence is scarce, it ap­

pears that various sulfhydryl proteases can dif­

fer markedly in their tendencies to inactivate ox­

idatively. Some sulfhydryl proteases can 

function under extiacellular conditions, 

whereas others promptly exhibit little or no ac­

tivity without an effective reductant. All 

sulfhydryl proteases can be inactivated by harsh 

sulfhydryl oxidants; however, some proteases 

such as cathepsin B appear to lose activity spon-
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taneously and readily under a variety of condi­

tions removed from the intracellular reducing 

environment. A differential effectiveness of the 
cell reductive network in reactivating various 

proteases is another speculative mechanism of 

differential redox-responsiveness. Diversity of 
the relative intrinsic rates of protease inactiva­

tion versus reactivation might provide the the­

oretical basis for selective controls by individual 
net redox sensitivity. A particular set of intra­

cellular redox circumstances could exert differ­

ent effects on caspases, calpains, lysosomal 
cathepins, or other redox-responsive proteases 

involved in various cell functions. 
In summary, the kinetics of redox-respon­

siveness of various proteases might be multi­
factorial and very complex, involving specific 
active site interactions, nonspecific active site 
sulfur oxidations, nitrosations, metal ion bind­

ing, and various reactions at remote sites. For 
purposes of future experimentation, it seems 
advisable to define the concept of net redox 
sensitivity of a particular protease as the bal­
ance between opposing oxidative versus re­
ductive influences. It is obviously difficult to 
determine relative rates of intracellular pro­
tease inactivation versus reactivation with the 
use of a purified enzyme assay system. 

Endogenous activators of sulfhydryl proteases 

Sulfhydryl protease activity can be modu­
lated by both nonspecific active site influences 
or specific individual controls such as activa­

tion of calpains or caspases. Several candidates 
have been considered endogenous activators of 
sulfhydryl protease active sites. 
Other than its protective antioxidant action, 

GSH has not generally been considered an en­
dogenous protease activator. The activating ac­
tion of GSH is 100-fold less potent than DTT 

and even supraphysiologic 10 m M GSH does 
not produce the maximal activation observed 
with DTT. However, in our routine assays, the 
submaximal stimulatory action of GSH on 

cathepsin B is steeply concentration dependent 
over the physiologic range of 1-6 m M . Physio­
logic GSH can provide approximately 25% of 
the activating action observed with 5 m M DTT 

(Fig. 4). Whereas D H A is inhibitory, GSH can 
certainly provide an appreciable amount of 

nonenzymatic activation of cathepsin B, and 

presumably some other proteases. It is likely 

that glutaredoxin can enhance this nonenzy­

matic action of GSH; however, glutaredoxin 

has not yet been characterized as a protease ac­

tivator. 
D H L A is synthesized from mitochondrial 

octanoic acid and subsequently is conjugated 

to lysines of oxidoreductases as a prosthetic 
group. Mitochondria undergo extensive fu­

sions with the lysosomal and Golgi-ER mem­
brane systems; therefore, various forms of 

lipoic acid must be found throughout the cell 
membrane systems. Using a reconstituted en­

zyme system, it has been found that D H L A 
can reduce thioredoxin (Holmgren, 1979b). 

D H L A might provide an alternative pathway 

of thioredoxin and protein reduction (Arner 

et al, 1996). Additional roles of unincorpo­
rated D H L A as a redox shuttle have been sus­

pected. Biologically relevant amounts of 
D H L A correspond approximately to 1-10 
fiM. D H L A has been investigated as a candi­

date activator of caspases and apoptosis (Sen 
et al, 1999). 

In our experience, a low 1.5 fiM D H L A con­
centration can activate standard cathepsin B as­
say using fluorogenic peptide derivatives (Fig. 
5). Thus, D H L A is at least as potent as reported 

5-10 fiM physiologic thioredoxin concentra­
tions, and more potent than DTT in activating 
cathepsin B. Infusion of 100 fiM extiacellular 
DTT into the perfused heart causes essentially 

no effect on basal proteolysis; however, 100 fiM 
D H L A causes a very large prompt increase 
over basal proteolysis followed by the death of 

the organ within 60 min. These supraphysio­
logic pharmacologic conditions suggest a direct 
activation by DHLA. In vivo protease activation 

by D H L A could be direct or involve a thiore­
doxin intermediate. 

Thus, the identical model protease cathepsin 
B can be experimentally activated by GSH, 

DHLA, and thioredoxin. Glutaredoxin will 
most likely be shown to enhance the sponta­
neous action of GSH enzymatically. Such re­

sults suggest alternative pathways of protease 
activation, perhaps in association with com-
partmentation of reducing systems. The phys­

iologic concentration dependencies of protease 

activation by endogenous reductants suggests 
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that these systems might prove to be actual 

controls as well as protective antioxidants. 

D H L A appears to be the most potent activator 

thus far. 

Redox-responsive aspartate protease 

An advance of great theoretical importance 

is the finding that HIV-1 aspartate protease is 

redox-responsive via sulfhydryl groups remote 

from the active site (Davis et al, 1996, 1997, 

1999; M a h m o o d et al, 1998; Basu et al, 1999); 

and N O might be involved (Sehajpal et al, 

1999). Each subunit of this homodimeric pro­

tease has a highly conserved cysteine that can 

inhibit the assayed activity in response to di­

amide, glutathiolation or metal ions. Glutare­

doxin is detected within HIV-1 and is sug­

gested to regulate the protease activity (Davis 

et al, 1996, 1997, 1999). The exact role of the 

conserved sulfhydryls and nitrosothiols in the 

viral life cycle and relation to host reductive 

status is unknown. Intracellar mechanisms pos­

sibly inactivating and reactivating nonactive 

site protease sulfhydryls might also include the 

same mechanisms described for active site 

sulfhydryls (Table 1). Importantly, the HIV-1 

protease was characterized prior to knowledge 

of its redox-responsiveness, therefore, some 

other known proteases might also be found to 

be redox-responsive via sites remote from the 

catalytic mechanism. 

Possible redox-responsiveness of serine proteases 

Serine proteases have been found indirectly 

redox-responsive via their responsiveness to 

endogenous metals. A new serine protease in­

hibitor acts by recruiting low amounts of en­

dogenous Zn2+ (Katz and Luong, 1999). It ap­

pears that this agent acts by defeating the 

unknown intracellular controls permitting 

metal-sensitive serine proteases to function in 

the presence of excess of inhibitory metals. It is 

possible that the inhibitor-metal complex binds 

the enzyme active site with greater probability 

than the metal alone or, perhaps prevents re­

moval of the metal by cell reductive or metal 

binding systems. The cytomegalovirus pro­

tease can be inactivated by a flavin mechanism, 

although such actual in vivo control is uncer­

tain (Baum et al, 1996). 

Redox-unresponsive proteases 

Proteases mediating redox-unresponsive 

proteolysis are not yet identified; however, 

metalloendoproteases are among likely candi­

dates. Whereas Zn2+ strongly inhibits 

sulfhydryl proteases, Zn2+ is required for the 

activity of various metalloendoproteases, car-

boxypeptidases, and aminopeptidases found in 

all cell types. Some types of serine or carboxyl 

proteases might also mediate redox-unrespon­

sive proteolysis. 

Redox-dependent protease inhibitors 

Dormant plant seeds store monosaccharides 

and amino acids in the form of polysaccharides 

and proteins. Upon seed germination, these nu­

tritional storage macromolecules are broken 

d o w n as a temporary sources of monomers in 

seedlings. Breakdown of both types of storage 

macromolecules in plants is partly under con­

trol of protease and amylase inhibitors that are 

activated during seed formation and inacti­

vated upon germination (Wong et al, 1995). 

These peptide inhibitors of macromolecular 

breakdown are only active when oxidized and 

are inactivated when their disulfide bonds are 

reduced. It has been suggested that the onset of 

reductive energy flow during germination con­

trols storage protein and polysaccharide break­

d o w n via redox control of their respective in­

hibitors. The purified reconstituted N A D P H -

dependent thioredoxin system can reduce these 

plant protease and amylase inhibitors (Wong et 

al, 1995). Kunitz-type mammalian protease in­

hibitors can also be slowly inactivated by re­

duction of their internal disulfide bonds; how­

ever, such a controlling role in mammalian 

proteolysis is unknown. In yeast, thioredoxin 

can be found in a heterodimer with a protease 

inhibitor, although the significance is unknown 

(Xu and Wickner, 1996; Slusarewicz et al, 1997). 

A search for D H A reductase activity in chloro-

plasts revealed a protein that was subsequently 

found to contain a Kunitz-type protease in­

hibitory sequence (Morell et al, 1997). 

Substrate protein reduction and unfolding 

Unfolding of a globular protein or failure to 

fold can increase the exposure of peptide bonds 
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to effective collisions and reactions with pro­

teases by 10- to 100-fold (e.g., Stathakis et al, 

1997). It is suggested that only unfolded sub­

strate can be translocated through the protea­

some (Baumeister et al, 1998); however, essen­

tially any protease has a markedly increased 
probability of nonspecific reaction with an ex­

tended peptide remaining in solution, includ­

ing immunoglobulins (Kerblat et al, 1999). 
There is no evidence that all or most folded pro­

teins must be reduced prior to proteolytic 
cleavage by most proteases. Reduction of pro­
tein disulfides can be mediated by thioredox­

ins, glutaredoxins, or protein disulfide oxi­
doreductases. The effects of disulfide reduction 
and metal ion removal have been studied with 
insulin degradation (Arquilla et al, 1978; Holm­
gren, 1979a,b; Jung and Thomas, 1996). Precip­
itated proteins, such as bacterial inclusion bod­

ies, are less likely to be degraded than soluble 
proteins, regardless of redox state. 

Advances in the redox reactions and com-
partmentation of protein folding have been re­
cently reviewed (Rietsch et al, 1997; Debarbi­

eux and Beckwith, 1998,1999; Bader et al, 1999; 
Bessette et al, 1999). It is not known whether 

the systems reducing structural disulfides 
might also be involved in control of protease 
active sites. However, substrate protein oxida­
tion might be a factor in redox responsiveness 
of the Golgi-ER degradation observed from 0 
to 3 hr following biosynthetic labeling of mam­
malian cells. 

Removal of inhibitory metal ions from substrate 
proteins and proteases 

The surface of many proteins contains metal 
ions bound to specific, high-affinity sites or by 
weaker electrostatic interactions. Zn2+, Cu2+, 
Fe2+, and Fe3+ are all strongly inhibitory to 

some sulfhydryl and other proteases at physi­
ologic levels. The many Zn2+ ions bound to in­
sulin are suspected of an influence on its degra­

dation by some proteases, although few other 
proteins have been similarly studied (Arquilla 
et al, 1978). Disulfhydryls can form high-affin­
ity complexes with various endogenous and 
nonbiologic metals (Cornell and Crivaro, 1972; 
Sigel et al, 1978; Reyes, 1996). Monosulfhydryls 

can buffer metals. Because substrate-bound 

metals can deliver an inhibitory agent to an en­

zyme active site, the known stimulatory action 

of disulfhydryl agents on proteases might in­

clude interactions with metals on substrate as 

well as enzyme (Stubauer et al, 1999). 

Redox-dependent protein conjugation reactions 

Several distinct enzymatic systems serve to 

conjugate several small protein tags to many 
other proteins (Mizushima et al, 1998). Among 

the multiple functions of such protein conju­

gation systems are proposed influences on 
some steps in the overall degradation of pro­

teins. Suggested functions of the protein con­

jugation systems include influences on mem­
brane movement, formation of autophagic 

vacuoles, and subcellular protein localization, 
all of which might influence protein turnover. 

Another suggested function of protein conju­
gation systems involves the interaction of con­

jugated substrates with proteases, although no 
clear set of rules has been elucidated thus far. 

In addition to ATP, the protein conjugation 

reaction sequence requires reduced enzyme 
sulfhydryls forming intermediate thioester 
bonds during the overall reaction. The protein 
conjugation systems are inactivated by thiol-
reactive agents. Activities of the ubiquitin acti­

vation enzyme and ubiquitin-conjugating en­
zyme have been suggested to be correlated 
with GSH redox status (Jahngen-Hodge et al, 

1997). Glutathiolation-dethiolation reactions 
were proposed in regulating the function of the 
ubiquitin conjugation system (Shang et al, 
1997; Obin et al, 1998). 

Redox requirement of membrane-
cytoskeletal function 

As morphologically observed, diamide and 
other pro-oxidants can cause profound struc­

tural changes in the cell vacuolar-cytoskeletal 
system (Leung and Chou, 1989). Thioredoxin is 

believed to influence overall vacuolar-cy­
toskeletal function by unknown mechanisms 

(Xu and Wickner, 1996; Slusarewicz et al, 1997). 
Thus, in addition to above reactions, some of 

the reductive requirement for proteolysis could 
somehow be associated with cell cytokinesis, 

membrane—vacuolar movements, and vacuolar 
substrate acquisition. Some of the above-
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reviewed protein conjugation reactions might 

also be involved in membrane traffic (Mizu­

shima et al, 1998). Various other studies of spe­

cific individual proteins have suggested an 

effect of redox status on Golgi-ER protein 

translocations and/or degradation (Torbrella 
and Ploegh, 1998; Young et al, 1993). 

Autocatalysis and nonenzymatic cleavage of 
peptide bonds 

Some proteins can undergo internal autocat-

alytic cleavage of peptide bonds by several 
mechanisms (Guttman et al, 1997; Perler et al, 

1997). However, the extent of internal auto­

catalysis as an initiating event in general cell 

protein degradation is unknown. It has not 

been determined whether some types of inter­

nal autocatalysis might be influenced by the re­

dox environment. Various agents can nonen-

zymatically cleave peptide bonds by input of 

reductive energy, although reductive cleavage 

is not known to be operative as a protease 

mechanism. For example, sodium borohydride 

can cause reduction of protein disulfide bonds 

and also cleavage of peptide bonds (Yakulis et 
al, 1968). Cyanogen bromide causes reductive 

cleavage near methionine, although such harsh 

conditions are not relevant to in vivo proteoly­
sis. Ascorbic acid with metals and oxygen can 

cause slow nonenzymatic peptide cleavage, 

perhaps by unknown secondary reaction 

mechanisms. Metals can form a true complex 

with the peptide bond; therefore, in some re­

action mechanisms, metals might serve as a 

conduit for transfer of energy into or out of the 
bond. The extent of intracellular peptide cleav­

age independent of proteases is unknown, 

but perhaps a small amount of either redox-
dependent or redox-independent proteolysis 

might be mediated nonenzymatically. 

REDOX-RESPONSIVE A N D REDOX-

UNRESPONSIVE S U B C O M P O N E N T S 

OF M Y O C A R D I A L PROTEIN 

D E G R A D A T I O N A N D ATP 

NONRESPONSIVENESS OF B O T H 

The perfused heart offers unique advantages 

in some metabolic studies not possible in cul­

tured cells or in in vivo tissues. Recent im­

provements in technique permit vigorous con­

tractile function over more than 7 hr (Lock-

wood, 1985,1999). Under aortic perfusion with 

an external peristaltic pump at constant flow 

rate, the circulation of a perfused heart is main­

tained constant independent of the presence or 

absence of its own contractile function. Total 

protein degradation in the present nonloaded 
preparation is independent of electrically 

paced heart rate up to the maximally attainable 

rhythmic rate approaching 400 beats per min, 

i.e., essentially a rhythmic flutter. Conversely, 
protein degradation is also unchanged when 

the heart is stopped under depolarized con­

duction block with 25 m M perfusate K+, i.e., 

cardioplegia. Therefore, total protein degrada­
tion in the nonloaded heart is not linked to 

short-term changes in contraction-relaxation, 

although the loaded preparation presumably 

differs due to metabolic sequellae of functional 
demand. 

Hearts are biosynthetically labeled ex vivo; 
however, results are indistinguishable using 
injection of [3Hjleucine into the rat several 

hours prior to perfusion. Cytoplasmic amino 
acid pools are exchanged with a half-time of 
0.5 min, over a 20-min preliminary washout 

period. Reincorporation of radiolabeled 
postcursor is prevented with 1 m M nonra­

dioactive leucine or cycloheximide with iden­
tical results, except for the eventual toxicity of 

cycloheximide after 2 hr. Under nonrecirculat-
ing perfusion the total release of [3H]leucine is 
measured in the effluent at 1- or 2-min inter­

vals with a fraction collector. Simultaneous 
ventricular function and protein degradation 

are compared using a fluid-filled ventricular 

catheter connected through a pressure trans­
ducer so as to measure the ventricular pres­

sure pulse. Concentrated experimental agents 
are infused by pump into the flow of nonre-

circulating perfusate. Ventricular dysfunction 

occurs when biopsied ATP declines to ap­
proximately 40% of basal in vivo levels under 

infusion of sodium azide. Effective diamide or 

D H A concentrations cause essentially no ap­

parent contractile dysfunction or toxicity over 

1 hr. Additional features have been previously 

described (Lockwood, 1997, 1999; Thorne and 

Lockwood, 1993). 
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Evidence for redox responsiveness and ATP 

nonresponsiveness of major intracellular 

proteolytic pathways 

Against the above background, evidence for 

the maintenance of major subcomponents of to­

tal myocardial protein degradation by reduc­
ing energy can be partially summarized (fur­

ther discussed in Lockwood 1997,1999; Thome 

and Lockwood, 1993): (1) Low nontoxic di­
amide concentrations cause more than 75% 

inhibition of total myocardial proteolysis be­
ginning with minutes. Diamide action was in­
hibitory at all effective concentrations with no 

biphasic responses. Most of such diamide in­
hibition is metabolically reversible within 1-2 

hr of discontinuation (Fig. 3). Therapeutic con­
centrations of primaquine noninjuriously in­
hibit most, but not all, of the myocardial pro­
teolysis that is inhibited by diamide. (2) D H A 

at physiologic exposure levels of 5 fiM causes 
no inhibition of proteolysis; however, supra­
physiologic levels slightly above 15 fiM mimic 
the antiproteolytic action of diamide (Fig. 4). 
(3) The antiproteolytic actions of diamide or 
D H A can be largely reversed under continued 
oxidant exposure by simultaneous infusion of 
DTT, which is known to reduce both oxidative 
agents and potential cell targets of their oxida­
tive actions (Fig. 4). (4) Inhibition of proteoly­
sis under diamide is not accompanied by 
change in measured ATP content of ventricu­
lar biopsies or ventricular contractile dysfunc­
tion. (5) Prolonged exposure to the mitochon­
drial uncoupler sodium azide can cause nearly 
lethal 60% ATP depletion and contractile dys­
function without changing total protein degra­
dation. (6) Acute glucoprivation or glucose 

analogues can cause contractile dysfunction 
and presumptive ATP depletion without im­
mediately changing protein degradation over 

more than 1 hr; however, acute glucoprivation 
greatly accelerates the onset of antiproteolytic 
action of either diamide or DHA. (7) Reversal 
of diamide antiproteolytic action is strongly de­
pendent upon the myocardial glucose supply. 
(8) Under the above experimentation, a major 
subcomponent of proteolysis is simultaneously 
unchanged by redox agents that permeate the 
entire cell. (9) Much of the redox-responsive 

proteolytic subcomponent can also be inhibited 

by the redox-inactive sulfhydryl protease in­

hibitor E-64; however, the redox-unresponsive 
subcomponent is simultaneously uninhibited. 

(10) The reversible intracellular antagonism be­

tween D H A and DTT corresponds to complete 

inactivation of purified sulfhydryl protease ac­

tivity (cathepsin B) by D H A followed by reac­

tivation by DTT in enzyme assays. 

Possible opposing roles of DHA and GSH in 
regulation of proteases and proteolysis 

In addition to an experimental tool, it is con­

ceivable that D H A is actually a redox messen­
ger. Much of the cell import and export of 
A A / D H A and GSH/GSSG and details of in-

terorgan metabolism remain to be described; 

however, it is obvious that these two compo­
nents of intracellar redox chains somehow 
serve in metabolic communication between 

mammalian cells (Sies, 1977; Griffith and Meis­
ter, 1979; Vera et al, 1993; Welch et al, 1995; 
Banhegyi et al, 1997, 1998). It is almost certain 

that the A A / D H A system of mammals serves 
undiscovered function(s). Interestingly, the 
same cell reductases that reduce D H A to A A 
also reduce GSSG to GSH and oxidized pro­
teins to reduced proteins (Basu et al, 1979; 
Wells et al, 1990; Washko et al, 1992; May et 

al, 1997, 1998; Washburn and Wells 1999a,b) 
(Fig. 4). D H A is a highly reactive oxidant that 
can reversibly inactivate reduced sulfhydryl 

proteases or oxidize GSH to GSSG (Rose and 
Bode, 1992; Winkler, 1992; Krauth-Sigel and 

Ludeman 1996; Lockwood, 1999; Vethanaya-
gam et al, 1999). Ascorbic acid can sponta­
neously lose an electron to become the radical 

semi-dehydroascorbic acid (SDA) (Fig. 4). The 

SDA radical quenches radical chain reactions. 
SDA can spontaneously lose a second electron 

to become the ring triketone DHA. Some ke­

tones are excellent general protease inhibitors. 
D H A can either undergo ring cleavage or be 
reduced enzymatically or nonenzymatically 
back to A A. Thus, the A A / S D A / D H A system 

exists in a state of cyclic exergonic oxidation 
and active endergonic reduction at the expense 

of cell reducing energy. Nonenzymatic reduc­
tion of D H A to A A can be coupled to oxida-
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tion of G S H to GSSG (Winkler, 1992; Veth-

anayagam et al, 1999) (Fig. 4). Whereas D H A 

might oxidatively inactivate proteolysis, A A 

might serve as an antioxidant protecting pro­

teolytic machinery. Intracell A A is not a trace 

substance, but is rather 1 m M . The intracellu­

lar D H A concentration is uncertain, but prob­

ably is in the low micromolar range under 

normal reduced cytoplasmic conditions. The 

cell content of A A can be highly variable; and 

intracellular D H A levels might increase under 

grossly pro-oxidative conditions. The extracel­
lular D H A concentration is approximately 5 

fiM. A passive carrier takes up extracellular 

DHA; and intracellular reductases rapidly re­

duce it to AA, thereby creating the transmem­

brane concentration ratio of 1 m M intracellar 

A A to several micromolar extracellar D H A 

(Vera et al, 1993). The D H A transport carriers 

have been identified as facilitative glucose 

carriers. 
An involvement of the redox chains of the 

ER in protein redox has been suggested, in­

cluding D H A , ubiquinone, and menaquinone 

as electron acceptors in protein oxidations 
(Banhegyi et al, 1997; Bader et al, 1999; Debar­

bieux and Beckwith, 1999). In the myocardium, 

rapid turnover proteolysis or Golgi-ER prote­

olysis can be strongly inhibited by menaquin­
one (menadione) at micromolar concentiations. 

However, this action is not specific for men­

aquinone insofar as benzoquinone or D H A also 

inhibit rapid turnover proteolysis (Lockwood, 

1997, 2000). Thus, various endogenous oxi­

dants can certainly decrease proteolysis; how­

ever, it is not known whether this effect is 
exerted primarily on substrate properties, pro­

teases, or some other effector mechanism. The 

immediate antiproteolytic action of 20 fiM 
D H A suggests direct protease inhibition prior 

to appreciable G S H depletion. 

Degradative contribution to net change in tissue 

protein content 

The adjustment of muscle protein mass to 
functional demand is a fundamental property 

of muscle. Demand-driven myocardial hyper­

trophy or disuse atrophy of skeletal muscle can 

be associated with pathogenic states not re­

viewed here. The extent of degradative contri­

bution to net changes in muscle mass is con­

siderable, although quantitatively uncertain. A 

net increase of 40% in protein mass corre­

sponds to pathogenic hypertensive or obstruc­

tive myocardial hypertrophy. If the observed 

redox-responsive degradative fluctuation of 

75% were sustained under constant synthesis, 
the eventual result would be a proportional 

75% steady-state gain in represented proteins 

after five half-lives of the slowest turnover 

proteins. The exact relationship between my­

ofibrillar assembly-disassembly and protein 

synthesis-degradation is uncertain; and hyper­

trophy involves multiple factors in addition to 
intracellular protein degradation. However, in 

theory, redox-responsive proteolysis could be 
a major contributing factor in regulating mus­

cle protein mass or subdivisions in relation to 

functional demand. 

CONCLUSIONS 

The above survey of many species and cell 
types reveals an unappreciated diversity of re­
dox-responsive proteolytic effectors and con­

trols in addition to sulfhydryl proteases. Spec­
ulatively, each redox-responsive proteolytic 

effector mechanism might have evolved its 
own particular net responsiveness to the pre­

vailing cell redox status, e.g., individual control 
of proteases, protease inhibitors, substrate re­

dox, metal ion interactions, substrate conjugat­
ing systems, membrane-cytoskeletal function, 

etc. However, it appears that redox-respon­

siveness is the only demonstrated factor that 
can transcend the lysosomal, Golgi-ER, and 

some extravesicular proteolysis in a common 
coordinating mechanism under some experi­

mental conditions. It is remarkable that large 

changes in cell protein degradation can be 

caused by pharmacologic or endocrine inter­
ventions that are virtually nontoxic over pro­

longed periods in humans. 
The cell content and function of virtually any 

protein or group of proteins can potentially be 

influenced by the catabolic component of 

turnover. Oxidative or reductive abnormalities 

might be associated with insufficient or excess 
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functions of the proteolytic effector mecha­

nisms reviewed above. The number and diver­

sity of redox-responsive proteolytic effector 

mechanisms might provide many specific tar­

gets for future pharmacologic interventions. 

Background not reviewed here suggests a wide 

variety of therapeutic applications of prote­

olytic redox pharmacology, including viral or 

parasite-host relationships (McKerrow et al, 

1993; Atamna et al, 1994; Fryauff et al, 1995; 

Bozzi et al, 1996; Ginsberg et al, 1996; Barret, 

1997; Francis et al, 1997; Golenser et al, 1998; 

Krauth-Sigel and Coombs, 1999; McKerrow, 

1999; Sehajpal et al, 1999), immunologic (Droge 

et al, 1994; Kerblat et al, 1999) or endocrine dis­

orders (Holmgren 1979a,b; Thorne and Lock-

wood, 1991), injury, and apoptosis (Rossig et 

al, 1999; Sen, 1999). Hundreds of studies have 

pursued various redox abnormalities in 

Alzheimer's disease with little apparent suc­

cess (Simonian and Coyle, 1996). Enzyme as­

semblies incorporating D H L A as prosthetic 

group include a-ketoglutarate dehydrogenase 

and pyruvate dehydrogenase. In searches for 

various other causes of Alzheimer's disease, 

these two activities have repeatedly been found 

deficient without genetic linkage to the disease 

(Shoffner, 1997). A simple interpretation of 

Alzheimer's disease as failure of a redox-de­

pendent proteolytic pathway seems unlikely; 

however, a contributing role of D H L A merits 

further consideration. 

A full understanding of the redox network is 

the last frontier of metabolism, and will un­

doubtedly provide future insights into the nor­

mal and abnormal turnover of proteins. 

ABBREVIATIONS 

AA, Ascorbic acid; DHA, dehydroascorbic 

acid; DHLA, dihydrohpoic acid; DTT, dithio­

threitol; G-6-PD, glucose-6-phosphate de­

hydrogenase; GRX, glutaredoxin; GSH, 

glutathione, reduced; GSSG, glutathione, oxi­

dized; Pr« Metabolite, protein-metabolite 

interaction; PrSNO, nitrosylated protein; 

Pr»Mn, protein-metal interaction; PrSH, re­

duced protein; PrS-SR, protein-mixed disul­

fide; RSH, monosulfhydryl, reduced (general 

term); RSSR, disulfide (oxidized); SDA, semi-

dehydroascorbic acid; TRX (SH)2, TRX (S-S), 

thioredoxin, reduced, oxidized. 
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