
INTRODUCTION

SEVERAL SUBCOMPONENTS OF CELL PROTEIN DEGRADATION

require reductive energy; however, some proteolysis is
redox-independent (25–27). A remarkable diversity of redox-
responsive proteolytic effector mechanisms is now well es-
tablished (20, 25, 33, 40).

Following introduction of the effective reductant, dithio-
threitol (DTT), 40 years ago, many redox-responsive protein
functions have been characterized under experimental condi-
tions of nearly maximal reduction. However, protein function
can be graded in response to (a) total concentration of reduc-
tant, e.g., reduced glutathione (GSH), (b) the reduced to oxi-

dized ratio of redox couples, e.g., GSH:GSSG, and (c) the
differing potencies and maximal efficacies of redox-active
agents, e.g., GSH versus DTT (11, 27). Proteins can be enzy-
matically reduced by multiple pathways, including thioredox-
ins, glutaredoxins, and direct, NADPH-dependent reductases
(2, 11, 27, 30). In addition, a large diversity of nonenzymatic
factors can also influence redox-responsive protein functions.
The multiplicity, diversity, and redundancy of protein redox
mechanisms complicate attempts to compare isolated assay
conditions with intracellular enzyme function.

Much of redox-responsive cell protein degradation can be
inhibited by nonspecific, redox-inactive, cysteine protease
active site ligands (25); however, the intracellular redox
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ABSTRACT

Some subcomponents of cell protein degradation exhibit an unexplained reductive energy requirement; and
diverse cysteine proteases are among multiple effector mechanisms requiring reduction. Present studies inves-
tigated whether cathepsin B activity is graded in response to (a) reduced glutathione (GSH) and dihydrolipoic
acid (DHLA) concentrations, (b) their redox ratios, and (c) their differential potencies and efficacies. Purified
bovine cathepsin B activity was assayed with carbobenzyloxy-Arg-Arg-aminomethylcoumarin by standard
methods following inactivation by spontaneous air oxidation. Endogenous GSH concentration (2–3 mM)
maintained 30–40% of the maximal cathepsin B reaction rate observed under dithiothreitol (5 mM). Follow-
ing activation with GSH, the cathepsin B reaction rate was inhibited in proportion to nonphysiologic
GSH:GSSG redox ratio above 1% oxidized (e.g., 85% inhibited at 3 mM:2 mM). Thus, cathepsin B can be
redox buffered by the GSH:GSSG ratio. DHLA was identified as a potent cathepsin activator with threshold
near 1 mM and 80% maximal activation near 10 mM. Conversely, oxidized lipoamide disulfide inhibited
cathepsin B over 5–250 mM. DHLA at 5–50 mM superimposed severalfold additional activation upon the sta-
ble submaximal cathepsin B reaction rate maintained by endogenous GSH concentration (2–3 mM). Cell pro-
tein degradation was bioassayed by release of [3H] leucine from the biosynthetically labeled rat heart under
nonrecirculating perfusion. The pro-oxidant, diamide (100 mM), reversibly inhibited 80% of basal proteoly-
sis. Supraphysiologic extracellular DHLA (80 mM) doubled the basal rate of averaged cell protein degrada-
tion in 15 min. Thus, the cell redox system buffers an intermediate rate of protein degradation, which can be
decreased by supraphysiologic exposure to diamide pro-oxidant or increased by DHLA reductant. Antioxid.
Redox Signal. 4, 681–691.
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control of various cysteine proteases is uncertain. Most cells
contain at least 20 cysteine proteases, including cathepsins,
calpains, and caspases. Despite the diversity of their individ-
ual functions and controls, cysteine proteases share the name-
sake cysteine catalytic amino acid. This active-site catalytic
mechanism oxidizes spontaneously and requires reductant for
maximal assayed activity (5, 37, 38). Following pro-region
cleavage, cysteine protease reaction rates are generally con-
sidered to be either “on or off ” with little consideration given
to the possibility of graded activity in response to the sur-
rounding redox environment. Oxidative inactivation of cys-
teine proteases can presumably override redox-independent
controls, and might be independently operative. It is conceiv-
able that redox buffers, activators, or inhibitors could be
among multiple intracellular rate-limiting factors influencing
proteases under some conditions.

Dihydrolipoic acid (DHLA) is the only permeant endoge-
nous disulfhydryl that can be used to impose experimental re-
ductive stress within the hierarchy of intracellular redox po-
tentials (9, 12, 26, 29, 32, 39, 40). Following synthesis from
octanoic acid within mitochondria, DHLA is enzymatically
ligated to several reductases as prosthetic group (12, 26, 32, 39).
A metabolic role of nonligated DHLA has not yet been deter-
mined. The intramolecular oxidation of DHLA to the cyclic
dithiolane ring exhibits a large negative redox potential (18, 19).
Free DHLA, DHLA-ligated enzymes, and intact mitochon-
dria can reduce a large variety of metabolites, including dehy-
droascorbic acid and GSSG (19, 23, 40). DHLA can also re-
duce thioredoxins, and this pathway has been speculatively
suggested in protein reduction (10).

The present report indicates that a model cysteine protease
conforms to general features of enzymes that are buffered at a
submaximal rate by the GSH:GSSG redox status. Second,
DHLA is a surprisingly potent cysteine protease activator that
can superimpose severalfold additional activation upon the
submaximal cathepsin B reaction rate maintained by endoge-
nous GSH status. Third, using radiolabeled perfused tissue as
bioassay, large decreases or increases can be superimposed
upon the basal rate of intracellular protein degradation by ox-
idative action of diamide or reductive action of DHLA,
respectively.

EXPERIMENTAL PROCEDURES

Protease assay

Using standard methods, mature, fully active bovine spleen
cathepsin B (Sigma) was assayed fluorometrically with N-
carbobenzyloxy-Arg-Arg-7-amino-4-methylcoumarin (Z-Arg-
Arg-AMC) (25 mM) (Bachem) in acetate buffer (50 mM),
pH 5.5. Major findings were similar over a wide range of 
Z-Arg-Arg-AMC concentrations of at least 10–70 mM or
using Z-Phe-Arg-AMC (25–40 mM). Results are indicative of
saturated proteases. None of the present assays were influ-
enced by quenching or addition of fluorescence. Reaction
rates were statistically fitted over a time period of steady-state
reaction progress using the DeltaSoft reaction kinetics pro-
gram (R > 0.95). Activators or inhibitors were added to ongo-
ing reactions in 200-fold concentrated water or dimethyl sul-

foxide (DMSO) solutions causing 0.5% volume dilution. DMSO
solvent controls were assuredly negative as also described by
others. Slight irregularities upon some additions are transient
optical artifacts associated with vigorous mixing.

Perfusion of hearts

Hearts from Sprague–Dawley rats were perfused as non-
loaded Langendorff preparations by methods previously de-
scribed (24). A constant flow of 7.0 ml/min sustained a low
perfusion pressure of 40 mm Hg and rigorous contractile
function for 5 h. The nonrecirculating perfusate (95% O2/5%
CO2) routinely contained Krebs–Henseleit salts, glucose
(10 mM), and physiological concentrations of citrate, pyru-
vate, lactate, complete amino acids, and bovine serum albu-
min (0.2%), all adjusted to pH 7.42 after addition. pH was
monitored continuously.

Measurement of protein 
degradation in myocardium

Proteins were biosynthetically labeled by infusion of 
L-4,5-[3H]leucine (40–60 Ci/mmol, 4.5 µCi/ml) for 10 min in
the absence of nonradioactive perfusate leucine. Nonradioac-
tive leucine (0.75 mM) was subsequently added to prevent
reincorporation of label. Results are nearly identical when
physiologic leucine concentration (0.1 mM) is substituted for
supraphysiologic leucine; however, experimental changes in
protein synthesis can cause a slight change in postcursor ex-
ternalization due to reincorporation. Results are qualitatively
identical when sufficient amounts of [3H]leucine are injected
into the rat 4 h prior to perfusion. The nonrecirculated efflu-
ent perfusate was collected at 2-min intervals in a fraction
collector. Trichloroacetic acid soluble radioactivity was de-
termined. A two-component equation describing the progress
of macromolecular [3H]leucine remaining in myocardial pro-
tein over 5 h has been previously described (25). In the pres-
ent studies, the rapidly degraded subcomponent of protein
degradation was eliminated during a preliminary 3 h degrada-
tive period prior to the observation period. Under constant in-
tracellular conditions, the rate of total [3H]leucine release
from 3–5 h postlabeling declines continually in proportion to
the progressively declining amount of undegraded labeled
proteins remaining. Control values of protein degradation are
presently illustrated as the normalized 100% value of the de-
clining baseline of [3H]leucine release. From 3–5 h postlabel-
ing, each preparation can be accurately used as its own exper-
imental control by extrapolation of the statistically fitted
baseline of [3H]leucine release over the following 1.5-h pe-
riod of degradative inhibition, as previously described (24).

The present sustained effect of DHLA on increased
[3H]leucine release is not due to a transient release of inter-
mediate cytoplasmic amino acid pools, but rather a true ele-
vation in protein degradation. The cytoplasmic [3H]leucine
pool is exchanged with a half-time of ,0.5 min, as compared
with the much longer averaged half-time of protein degrada-
tion. Artificial elevation in [3H]leucine release exclusively
from the intermediate cytoplasmic compartment cannot be
sustained for more than 2–3 min in this nonrecirculating
preparation. Muscle can metabolize leucine; however, the
percent per minute metabolism was determined to be a very
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small fraction of the rapidly exchanging intracellular leucine
pool (for review, see 25).

Drugs were infused into flowing perfusate in 500–1,000
concentrated solutions immediately above the heart. DHLA
was infused in a DMSO solvent at a final concentration of
0.01%. It was rigorously determined that DMSO solvent
alone caused no change in myocardial protein degradation at
0.05% or 0.5%, i.e., less than the experimental uncertainty of
61–2%.

Reagents

DL-DHLA and lipoamide disulfide were from Sigma–
Aldrich. DHLA is supplied sealed under argon gas due to its
instability under oxygen (22, 23). Upon breaking the seal,
DHLA was quickly dissolved in DMSO at 100 mM and
tightly capped until prompt use. GSH and DTT were freshly
dissolved at the time of use. Other materials were as previ-
ously described (24).

RESULTS

DHLA is a prompt potent reductive 
activator of cysteine proteases

In addition to metal ions, several oxidative reactions can
reversibly alter the function of protein sulfhydryls ex vivo
(5, 9, 20–22, 27, 35, 38). Reversible air oxidation of protein
sulfhydryls is generally attributed to sulfoxide formation (5).
Addition of cathepsin B to stirred water (4°C) equilibrated
with atmospheric oxygen caused inactivation reaching
,97–99% in 5–10 h. Inactive cathepsin B in water (4°C,
pH 7) was stable for at least 12 h, and could be stored frozen
for at least several weeks. Cathepsin B inactivated by this
method could be promptly reactivated by 5 mM DTT within
several minutes.

After such oxidative inactivation in water, the percentage
of active cathepsin B remaining ranges near 1% of recover-
able activity. The results of Fig. 1 in arbitrary units were se-
lected so as to illustrate the time course of separate measure-
ments shown in Fig. 2 as percent maximal recoverable
activity. In Fig. 1, the slope of the nearly inactivated protease
is arbitrarily defined as 1 so as to illustrate a 99% inactivated
reaction rate. Upon addition of 2 mM DHLA, the reaction rate
in Fig. 1 increased promptly from 1to 58, corresponding to
slightly more than 50% reversal of a 99% inactivation.

The actual potency of DHLA action almost certainly devi-
ates from that experimentally observed. Using fresh DHLA
preparations, several percent of maximal protease reactiva-
tion was detected at 1 mM. However, despite capped storage,
the minimally detectable protease activation increased to
,20 mM DHLA in ,1 day due to spontaneous oxidation (see
Experimental Procedures). Second, in fresh DHLA prepara-
tions, an optimal peak activation occurred near 1 mM DHLA,
and higher concentrations were less effective. In experiments
such as illustrated in Fig. 2, the exact contour and maximal
value of the curve near the peak activation varied in relation
to the age of the DHLA preparation due to an inhibitory ac-
tion of the oxidized form (discussed below). Third, maximal
possible DHLA action required vigorous mixing with fluid

turbulence, suggesting that solubility and diffusion can limit
its effect at threshold concentrations. Fourth, binding to the
wall of the reaction vessel might also influence the apparent
threshold DHLA concentration. Finally, artificial enzyme de-
naturation by internal structural disulfide reduction can occur
at prolonged exposure to high 10–15 mM DTT, although the
present relevance to 1 mM DHLA is unknown. Protease acti-
vation can be approximated at an apparent experimental
threshold near 1 mM DHLA. A range of 20-80% of maximal
protease activation occurred at 5–10 mM DHLA as illustrated
from two representative experiments in Fig. 2 (continuous
and dashed traces).

Steady-state cathepsin B reaction rate is
responsive to GSH concentration alone, 
and also GSH:GSSG redox status

When added to previously inactivated cathepsin B, GSH
(2 mM) caused a submaximal reactivation reaching steady
state in several minutes (Figs. 2–5). Protease activation was
concentration-dependent over the range of 1–10 mM GSH,
and continued to increase at 10 mM GSH (Fig. 2). At the 2–3
mM GSH concentration found in most cell types, protease ac-
tivation was ,20–30% of the reaction rate caused by 2 mM
DTT in parallel reactions (Figs. 2 and 3).

Under conditions of metabolic sufficiency, glutathione pools
are actively maintained 99-99.5% reduced, corresponding to a

CATHEPSIN B REDOX 683

FIG. 1. Activation of cathepsin B with DHLA. Prior to the
time shown, cathepsin B was spontaneously inactivated by
placement in air-equilibrated water. At zero time, cathepsin B
was combined with buffer and substrate, revealing a low
amount of activity defined arbitrarily as a unit slope of 1 (top
left panel). At the time indicated by the arrow, DHLA (2 mM)
was added to the separate reaction (top right panel). An area of
the top right panel is shown enlarged in the bottom panel. Re-
sults are representative of five determinations.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260220193&iName=master.img-000.png&w=221&h=243


redox ratio of 100:1 to 200:1 (9, 11, 27). At a 99.5% reduced
GSH pool of 3 mM, the mammalian GSH:GSSG redox ratio
would be approximately 3 mM:15 mM. Following activation
by 3 mM GSH, cathepsin B was unresponsive to addition of
the basal endogenous 15–30 mM GSSG concentration
(Fig. 3A and data not shown). In cathepsin B reactions acti-
vated over the range of 2–5 mM GSH, it was rigorously deter-
mined that addition of 1% oxidized GSSG did not cause inhi-
bition exceeding the several percent experimental precision
(data not shown). Therefore, under typical mammalian intra-
cellular conditions of 99% reduced GSH:GSSG, only the re-
duced GSH influences the reaction rate appreciably. How-
ever, in the presence of 3 mM GSH, addition of GSSG
concentrations above 1% inhibited cathepsin B with a steep
but broad concentration dependence extending to ,85% inhi-
bition at a grossly supraphysiologic ratio of 3 mM GSH:2 mM
GSSG (Fig. 3A). The likely upper mammalian metabolic
range of 100–200 mM GSSG caused ,10–20% inhibition of
the cathepsin B activity maintained by 3 mM GSH (Fig. 3A).
The results of Fig. 3 represent a stable steady state of enzyme
reaction rate obtained by a 15-min preincubation of enzyme
under the indicated GSH:GSSG ratios prior to initiation of
assay by substrate addition. In separate experiments, a stable
inhibitory effect was attained within 1–2 min when GSSG
was added to cathepsin B previously activated by 2–5 mM
GSH. In cathepsin B reactions activated over the range of 2–5
mM GSH, the addition of equimolar 2–5 mM GSSG concen-
trations (i.e., GSH:GSSG = 1:1) caused ,90% inhibition of
the reaction rates. Stability of all GSH:GSSG redox buffering
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FIG. 2. Concentration dependence of cathepsin B activa-
tion with DHLA, DTT, and GSH. In experiment 1, means 6
SD are shown at 1 mM and 2 mM for each agent. Results with
low DHLA concentrations were far more variable than those
with DTT or GSH (see text). Shown by the dashed trace are
values from a separate experiment (experiment 2) illustrating
the upper range of observed DHLA action.

FIG. 3. (A) Effect of GSSG concentration on cathepsin
B reaction rate activated by 3 mM GSH. Cathepsin B was
preliminarily incubated for 15 min in buffer at the indicated
GSH/GSSG concentrations prior to initiation of the reaction
by addition of substrate. The 100% control reaction con-
tained 3 mM GSH without GSSG. (B) Effect of GSSG con-
centration on cathepsin B reaction rate activated by 5 mM
DDT. GSSG was combined with enzyme in buffer 20 min
prior to addition of 5 mM DTT followed in 2 min by sub-
strate. Constant reaction rates were then measured over
15 min following initiation. The 100% control value repre-
sents the DTT-activated reaction with no GSSG, which was
indistinguishable from that with 1024 M GSSG. Comparative
activation by the 2–10 mM range of GSH concentration ver-
sus DTT is indicated as described in Fig. 2. At concentra-
tions below 2 mM, GSSG did not appreciably inhibit the pro-
tease activated with 5 mM DTT. GSSG (2 mM) almost
completely inhibited the reaction activated by 2 mM GSH
(open triangle 6 SD). Addition of 5 mM DTT to identical
GSSG (2 mM)-inhibited reactions reactivated the enzyme
within 4 min almost to the rate observed without GSSG
(filled triangle 6 SD). DTT (5 mM) caused little reactivation
of cathepsin B previously inactivated by 10 mM GSSG when
assayed after a 0.5 h preincubation period.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260220193&iName=master.img-001.png&w=198&h=229
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260220193&iName=master.img-002.png&w=208&h=381


was verified by preincubation of enzyme with redox buffers
for 1 h, followed by observation of stable reaction rates for a
subsequent 1-h period.

Endogenous glutathione concentration maintains a
submaximal cysteine protease reaction rate, which
can be further activated four- to fivefold by DHLA

The steady-state submaximal cathepsin B reaction main-
tained by 2 mM GSH was arbitrarily selected as the 100% ref-
erence reaction rate for comparisons with redox activation
and inhibition with DHLA and lipoamide disulfide, respec-
tively. The separate individual actions of GSH and DHLA
(Fig. 2) were approximately additive up to the maximal possi-
ble activation of cathepsin B (Figs. 4 and 5A). DHLA exhib-
ited ,1,000-fold greater activation potency than GSH
(Fig. 2) and four- to fivefold greater maximal activation than
the reference reaction rate maintained by 2 mM GSH (Fig. 4).

GSSG reverses activation of cathepsin B 
caused by GSH, but not activation caused 
by excess DTT or DHLA

Although GSSG opposed the activation of cathepsin B
caused by GSH (Fig. 3A), similar GSSG concentrations did
not inhibit cathepsin B when activated by excess amounts of
the stronger reductant DTT (Fig. 3B). AGSSG concentration
range of 0.1–2 mM caused only several percent inhibition of
the cathepsin B reaction rate previously activated by excess
5 mM DTT. Increasing GSSG concentration did not apprecia-
bly reverse the activation of cathepsin B by 5 mM DTT until
stoichiometric equivalence was approached near 5 mM GSSG.
Excess DHLA (2 mM) also overcame the inhibitory effect of
GSSG (1 mM) on GSH (2 mM)-activated cathepsin B activity
(data not shown). Because excess GSSG oxidizes DTT and
DHLA (21, 22), it was predicted and confirmed that a 1-h
preincubation of cathepsin B under 10–100 mM DHLA or
0.5 mM DTT added to prior excess 2 mM GSSG resulted in
completely inactive protease (data not shown).

These interactions with disulfhydryl agents imply that the
inhibitory action of GSSG is attributable to a redox phenome-
non, and not a competition of GSSG peptide for cathepsin B
substrate binding sites. When excess 5 mM DTT was added to
submaximal cathepsin B reactions ongoing at a GSH:GSSG
ratio of 2 mM:2 mM, the reactions were activated within
1–2 min to rates near those observed under DTT alone (Fig.
3B). Excess DTT can eliminate GSSG by reduction to GSH
over ,30 min; however, the time course of GSSG reduction is
much longer than the immediate reversal of GSSG protease
inhibition (18, 19). Thus, the immediate onset of protease re-
activation by disulfhydryl agents is much faster than the re-
ductive elimination of GSSG by DTT. Indeed, GSSG (1 mM)
caused no transient inhibition when added to ongoing cathep-
sin B reactions previously activated maximally by 5 mM DTT
(data not shown). Importantly, GSSG is known also to inhibit
redox-responsive enzymes other than proteases where
peptide–peptide substrate competition does not occur (11).
Finally, the protease inhibitory action of oxidized lipoic acid
is not associated with a peptide structure, as described below.

Lipoic acid disulfide [LA(S-S)] opposes 
GSH activation of cathepsin B with greater
potency than GSSG

Experiments using aged preparations of lipoic acid unex-
pectedly indicated that the oxidized disulfide form was in-
hibitory to reductive activation of protease by lower amounts
of DHLA at some unknown redox ratio. After 24–48 h of
storage in DMSO, largely oxidized preparations of lipoic acid
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FIG. 4. Activation of cathepsin B with GSH and combined
GSH with DHLA. Cathepsin B was previously inactivated as
in Fig. 1. The identical amount of inactivated cathepsin B was
simultaneously added to buffer and substrate in three reaction
wells prior to the time shown. At the times indicated by the ar-
rows, GSH (2 mM) was added to each well resulting in mainte-
nance of a steady-state submaximal activation. DHLA (5 or
500 mM here; or 50 mM in Fig. 5A) was subsequently added at
the times indicated. The rates of reactions are described by the
slopes of reaction progress. Percent changes in reaction rates
were calculated using the fitted measurements of individual re-
action slopes before and after DHLA addition. Similar results
were confirmed using substrate concentrations of 10 and
100 mM in place of 25 mM. The submaximal actions of GSH
and DHLA were essentially additive and did not exceed the
maximal action of DHLA alone. The DHLA activations added
to GSH controls are 246 6 31% and 482 6 64% for 5 and
500 mM, respectively, and 435 6 60% for 50 mM (Fig. 5A),
(means 6 SD, p < 0.01).

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260220193&iName=master.img-003.png&w=223&h=323


yielded a biphasic protease activation profile having much
less peak activation with decreased optimum near 100–200
mM, and little activity near either 10 mM or 1 mM (data not
shown). Accordingly, when fresh DHLA preparations are
used, the submaximal cathepsin B activation observed above
the peak at 1 mM (Fig. 1) might be partly attributable to un-
avoidable initial contamination with oxidized LA(S-S).

The oxidized dithiolane ring of LA(S-S) is less soluble
than the disulfhydryls of DHLA; therefore, the amide deriva-
tive of LA(S-S) is generally used for aqueous experimenta-
tion (Fig. 5). In experiments similar to Fig. 1, inclusion of
equal lipoamide disulfide concentration with fresh DHLA in
a range near 5 mM did not alter the activating action of DHLA
alone (data not shown). However, differing solubilities of
disulfhydryls and the oxidized dithiolane ring complicate di-
rect comparison of concentrations.

Lipoamide disulfide (20–250 mM) caused a prompt inhibi-
tion of cathepsin B previously activated by 2 mM GSH
(Fig. 5). However, determination of an exact threshold of
lipoamide disulfide action was complicated by a 10–15-min
time lag for the onset of minimal protease inhibition below
10 mM (Fig. 5A). When lipoamide disulfide concentrations of
20 mM or greater were added to GSH-activated cathepsin B
reactions, a decline in rate began promptly and approached a
decreased steady state in ,2 min (Fig. 5A). The actual exper-
imental threshold of this inhibitory lipoamide disulfide ac-
tion was ,5 mM, which caused ,5–10% delayed inhibition
of GSH-activated cathepsin B activity over 10-15min (data
superimposed in Fig. 5B at 5 mM). This delay of threshold
lipoamide disulfide inhibitory action is presumably due to
diffusion limitation of an insoluble agent. Despite all experi-
mental uncertainties, reduced DHLA and oxidized lipoamide
disulfide are far more potent as protease activator and in-
hibitor than GSH and GSSG, respectively.

Basal intracellular protein degradation functions
at a rate intermediate between pro-oxidative
decreases and pro-reductive increases

The averaged basal rate of bulk protein degradation in var-
ious in vivo tissues or cultured cell types is ,2–3%/h corre-
sponding to turnover half-times of 24–35 h (25). Due to in-
complete labeling of slow turnover proteins, the present rate
of release of [3H]leucine from macromolecular form is
,3.5%/h observed from 3–5 h postlabeling (25).

From 0–3 hr postlabeling, [3H]leucine is released largely
from the well-known ER-Golgi subcomponent. Rapid turn-
over proteolysis comprises 5% of total cell protein content,
which is degraded with a half-time of ,45 min and largely
eliminated by 3 h. The pro-oxidant, diamide, inhibits all of
the rapid turnover degradative subcomponent (23, 24). How-
ever, elevations in rapid turnover proteolysis are technically
difficult to measure and interpret accurately, and were not
characterized in the present studies.

From 3–5 h postlabeling, total remaining [3H]leucine re-
lease can be experimentally partitioned into two redox-
responsive and one redox-unresponsive subcomponents, i.e.,
three remaining experimental subcomponents (Fig. 6A). In
Fig. 6, the 100% control represents the normalized rate of
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FIG. 5. (A) Steady-state activation of cathepsin B reaction
by endogenous GSH concentration, further activation by
DHLA, and inhibition by lipoamide disulfide. Cathepsin B
was preliminarily activated to constant reaction rate by expo-
sure to GSH (2 mM) as in Fig. 4. The progress of two separate
reactions was statistically fitted (�) and is represented by the
diagonal extrapolation. At the indicated times, 50 mM of
DHLA (top structure) or lipoamide disulfide (bottom struc-
ture) was added to the ongoing reactions. The difference be-
tween inhibited and activated reaction slopes represents nearly
a 10-fold kinetic span above and below the basal rate main-
tained by 2 mM GSH. (B) Effect of lipoamide disulfide con-
centration on cathepsin B reaction rate previously activated by
2 mM GSH. The 100% value represents the steady-state reac-
tion rate under 2 mM GSH alone as shown by the slope in A.
The indicated concentrations of lipoamide disulfide were
added to ongoing steady-state reactions activated by GSH
15 min previously. Values shown are constant steady-state in-
hibitions. At lipoamide disulfide concentrations below 10 mM
(extrapolated dashed trace), the inhibition was delayed by
,10–15 min as illustrated at 5 mM from separate experiments
(see text) (open circle 6 SD).

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260220193&iName=master.img-004.png&w=223&h=422
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FIG. 6. Redox responsiveness of basal protein degradation in the contractile perfused rat heart. Experimental design, char-
acteristics of the preparation, and statistical fitting of the indicated traces have been previously described (23, 24). [3H]Leucine re-
lease from biosynthetically labeled proteins was measured at 2-min intervals in continuously collected nonrecirculating perfusate.
The means of five measurements are shown at 10 min intervals. In all panels, a 3-h preliminary degradation period preceded zero
time (see Experimental Procedures). Experimental agents were infused from 100–1,000-fold concentrated solutions into nonrecir-
culating perfusate over the time periods indicated. Measurements shown (6 SD) are significantly different from extrapolated 100%
control baselines normalized to SD = 0 (p ! 0.01, n = 3 or 4 separate hearts). All results are representative of at least three similar
experiments. (A) Spontaneously reversible inhibition of basal protein degradation with diamide (100 mM). At 3 h postlabeling,
three remaining subcomponents can be distinguished as described previously (24, 25; see text). One hundred percent of basal pro-
tein degradation includes 75% that is inhibitable by diamide (redox-responsive) (a–c) and 25% that is diamide-uninhibitable
(redox-unresponsive) (c–d). Chloroquine inhibits the lysosomal pathway consisting of 45% (a–b). The 75% inhibition caused by di-
amide includes the 45% chloroquine-sensitive lysosomal pathway. The difference between diamide action and chloroquine action
defines an extravesicular subcomponent of unknown cellular distribution: 75% 2 45% = 30%, (b–c). The b–c subcomponent is re-
ferred to as extralysosomal, redox-responsive. (B) Reversal of diamide inhibition of proteolysis by simultaneous infusion of excess
DTT. (C) Absence of effect of 0.2 mM DTT on basal proteolysis. (D) Elevation of basal protein degradation caused by DHLA
(80 mM). (E) Effect of interrupted CDNB infusion on protein degradation. Nonadditive inhibition caused by combined diamide and
CDNB is shown 6 SD (p > 0.1). (F) Summary of the kinetics of redox-responsive [3H]leucine release from myocardial proteins.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260220193&iName=master.img-005.png&w=369&h=468


[3H]leucine release following elimination of rapidly degraded
proteins during a 3-h preliminary degradation period (see Ex-
perimental Procedures). At any time 3–5 h postlabeling,
chloroquine maximally inhibits 45% of total proteolysis con-
sisting of the lysosomal subcomponent (Fig. 6A, a-b). From
3–5 h postlabeling, diamide reversibly inhibits 75% of prote-
olysis, including the lysosomal subcomponent and an extra-
vesicular redox-responsive subcomponent (Fig. 6A, a-c). Ap-
proximately 25% of total proteolysis is not inhibited by
combined chloroquine and diamide, and this is defined as the
nonlysosomal redox-unresponsive subcomponent (Fig. 6A, 
c-d). From 3–5 h postlabeling, an extralysosomal redox-
responsive subcomponent of 30% is experimentally defined
by subtraction of the 45% inhibition caused by chloroquine
from the 75% inhibition caused by diamide (Fig. 6A, b-c; see
also 23–25). ER-Golgi and lysosomal proteolysis represent
spatially defined vesicular compartments; however, the ex-
travesicular subcomponents are presumably distributed
throughout the cell. The experimental division of extravesicu-
lar proteolysis into distinct redox-dependent and redox-inde-
pendent subcomponents presumably represents maximal ex-
perimental responsiveness of diverse processes not normally
inhibited completely in vivo.

Simultaneous infusion of diamide and DTT caused antago-
nistic opposing actions with the predominant effect mediated
by the agent present in stoichiometric excess. The proteolytic
inhibitory action of diamide (100 mM) can be reversed by
stoichiometric excess of DTT (200 mM) under simultaneous
infusion of both agents (Fig. 6B). DTT is known to rapidly re-
duce both diamide and protein-glutathione disulfides (25).

Results indicate that basal cell protein degradation pro-
ceeds at an intermediate rate that can be further activated by
reductive agents or inhibited by oxidative agents (Fig. 6).
DTT caused little elevation in basal cell protein degradation
at infused 0.2mM concentrations, which did cause partial ac-
tivation of cathepsin B assay shown below (Figs. 2 and 6C). It
cannot be determined whether most of 0.2 mM infused DTT
enters the cell without changing proteolysis or is rather oxi-
dized extracellularly. A hypothetical surviving permeant DTT
concentration below 50 mM would correspond to the steep
portion of the concentration-response curve of Fig. 2. The ac-
tion of endogenous reductive activators might overlap the ac-
tion of low amounts of DTT in unknown cell compartments.
The basal rate of cell protein degradation could be increased
by sufficient higher amounts of DTT; however, the maximal
intracellular DTT action could not be determined due to DTT
toxicity at submaximally effective concentrations (data not
shown). DTT concentrations of 5 mM are typically required
to maximally activate most sulfhydryl-dependent enzymes;
and 15–20 mM DTT is typically used to reduce intramolecu-
lar protein disulfides. Infusion of 2.0 mM DTT caused
prompt decrement in contractile function, severely weakened
dysrhythmia, and death. Much of DTT injury is attributable
to its weak acidity (pKa = 3.3). Weak acids at 1–2 mM con-
centrations partially defeat Krebs bicarbonate buffer and
cause acidosis. This preparation is injured at extracellular
pH 7.0 and dies rapidly at pH 6.8.

DHLA elevated myocardial proteolysis with far greater po-
tency than DTT at DHLA concentrations that did not defeat
the Krebs bicarbonate buffer. DHLA at 80 mM caused an

80–90% elevation of protein degradation beginning promptly
(Fig. 6D). Most of DHLA action could be prevented or re-
versed by excess of diamide, although not rigorously charac-
terized. Elevation of intracellular protein degradation under
constant extracellular DHLA infusion was not merely con-
centration-dependent, but also proportional to the time of ex-
posure (data not shown). Under constant extracellular expo-
sure, concentration–time-dependent actions are typical of
drugs that either bind irreversibly to their targets or accumu-
late at targets or lipid depots due to hydrophobicity. A sus-
tained 200 mM DHLA exposure under present vascular perfu-
sion caused eventual myocardial contractile decrement
increasing after 1 h (7).

Unanticipated results with DTT and DHLA suggest that
substrate protein reduction and unfolding cannot account for
most of the elevation in proteolysis under disulfhydryl expo-
sure (see also 15). In injured preparations, basal proteolysis
can decline prior to death, although without correlation with
measured ATP levels (24, 25). The elevation of basal protein
degradation exhibited a biphasic DTT concentration depen-
dence, in association with cell injury near 2 mM DTT. The
maximal possible elevation in bulk proteolysis under infused
DTT was limited to ,30–40% near 2 mM, and progressively
declined by half as the preparation was injured under continu-
ous DTT exposure. A similar biphasic proteolytic elevation
was noted under injurious DHLA concentration higher than
that causing sustained elevations (Fig. 6). If the disulfhydryl-
induced proteolytic elevation (Fig. 6) were caused exclusively
by reductive substrate unfolding, then the elevation could not
decline under higher injurious disulfhydryl exposure (see
Discussion). The effect of physiologically relevant lipoamide
disulfide infusion on intracellular proteolysis was not at-
tempted in view of metabolic reduction, a likely biphasic con-
centration dependence, and the uncertainty of accumulation
kinetics as described above (1, 6, 14). Identification of path-
ways involved in DHLA-activated proteolysis was not at-
tempted due to interpretive limitations inherent in the use of
inhibitors for present purposes.

Intracellular protein degradation is irreversibly
inhibited by a substrate for glutathione transferase
known to deplete GSH by covalent conjugation

1-Chloro-2,4-dinitrobenzene (CDNB) is widely used to
deplete mammalian tissue GSH because it is rapidly conju-
gated by enzymatic action of glutathione transferases (16,
17). CDNB noninjuriously depletes most GSH in the per-
fused rat heart in less than 1 h (17).

CDNB inhibited the same proteolytic subcomponents as did
diamide; however, the kinetics of their actions differed
markedly (Fig. 6E). As predicted by its known mechanism,
CDNB antiproteolytic action was not concentration-dependent,
but rather concentration–time-dependent. Interruption of
CDNB infusion (10 mM) caused interruption of the progress
of proteolytic inhibition without reversal. Upon continuation
of interrupted CDNB infusion, protein degradation pro-
ceeded to maximal inhibition of 75%. Exposure to higher
100 mM CDNB caused the maximal 75% proteolytic inhibi-
tion in ,10 min (data not shown). Simultaneous infusion of
diamide (100 mM) with CDNB did not cause additive prote-
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olytic inhibition greater than the maximal 75% inhibition
caused by either agent alone (Fig. 6E). Under exposure to low
CDNB concentrations, this tissue did not exhibit a sustained
threshold against proteolytic inhibition, but rather a delay of
onset followed by slower progress to the maximal final ac-
tion. When only 1 mM CDNB was infused, the progress of in-
hibition began after a lag of 5–10 min, then proceeded slowly
to the maximal 75% inhibition over ,2 h (data not shown).
Proteolysis was inhibited by CDNB without simultaneous
contractile dysfunction, although later toxicity is likely.

Diamide promotes reversible formation of disulfides, but
does not form irreversible covalent adducts (22). In contrast
to CDNB, the reversible action of diamide exhibited a true
threshold of several micromolar, which this tissue could sus-
tain over 1–2 h or indefinitely without inhibition of proteoly-
sis (data not shown). As previously illustrated, prolonged
10 mM diamide exposure caused a slight proteolytic inhi-
bition that proceeded very gradually to 15% over 1–2 h
(see 24). When diamide was infused at 1 mM concentration,
10-fold above maximal 100 mM concentration, the 75% inhi-
bition of proteolysis was irreversible after a 40-min exposure,
perhaps in association with export of oxidized glutathione
(17) and/or oxidative injury.

DISCUSSION

Both cysteine protease reaction rates ex vivo and much of
intracellular proteolysis appear to be graded in response to
concentrations, redox ratios, and individual reductive poten-
tials of multiple interactive redox mediators. Basal cell pro-
tein degradation is poised at a submaximal rate intermediate
between prooxidative inhibition and pro-reductive activation.
The kinetic limits of nonpathogenic changes in steady-state
protein replacement are unknown, but presumably less than
the 680% shown in Fig. 6F. The relative contributions of var-
ious cysteine proteases to the present results remain to be de-
termined; however, multiple activities are presumably re-
cruited at various DHLA concentrations. Present cathepsin B
was preliminarily processed from the pro-enzyme to fully
mature enzyme prior to all assays. Reversible redox modula-
tion of protease reaction rate or intracellular proteolysis can-
not be attributable to control by cleavage of pro-regions.
Nonetheless, some amount of DHLA-activated intracellular
protein degradation might be increased secondary to cleavage
of unidentified pro-proteases to mature proteases (31, 36).

DHLA action on cell protein degradation might include
some unknown combination of reductive substrate unfolding
and activation of multiple cysteine proteases directly or via
thioredoxin (15).

Previously described redox reactions activating
cysteine proteases

Three well known protein reductive reactions have been
previously distinguished in defined cysteine protease assays
(2, 9, 11, 20, 25, 27, 36, 37, 38)

(A) PrSox + 2 GSH « PrSred + GSSG

(B) PrSox + LA(SH)2 « PrSred + LA(S-S)

or

DTT

or

thioredoxin (SH)2

(C) PrS-SR + GSH « PrSH + GS-SR

PrSox represents many reversible protein sulfur oxidation
products including oxygenations, nitrosations, metal ion bind-
ing, covalent interactions with many pro-oxidative metabo-
lites, disulfide formation, and others. Reaction A can provide
graded responsiveness of cathepsin B reaction in relation to
GSH concentration. Under low GSSG concentration, there is
little back reaction, and the driving potential for reduction of
trace amounts of protease by coupling to 2 GSH oxidation is
dependent primarily on the concentration of GSH. Gluta-
redoxins can catalyze nonspecif ic reductions coupled to the
2GSH oxidation with unknown relationship to the present
results (2, 27). Reaction B involves coupling of protease re-
ductions with the intramolecular oxidation of DTT, DLHA
[indicated here as LA(SH)2)], or thioredoxin disulfhydryls
to their respective intramolecular disulfides (19, 38). Due to
the large change in free energy upon intramolecular oxida-
tion of vicinal disulfhydryls, the back reactions are small
after reduction of electron acceptors such as GSSG (18). Ac-
cordingly, when DHLA is mixed in equimolar amounts with
GSSG ex vivo, the intramolecular oxidation to LA(S-S)
drives reduction of GSSG to 2 GSH nearly to completion
with little back reaction (18). Reaction C is an exchange of
redox status between a protein heterodisulfide and a surround-
ing monosulfhydryl. GSH exchange activation has been dem-
onstrated with the artificial papain heterodisulfide formed
from methylmethane thiosulfonate: papain-S-SCH3 (37).

GSH:GSSG redox buffering of protein 
functions in defined assay

According to the simplified model, a protein can exist as a
redox couple in equilibrium with the surrounding GSH:
GSSG redox status via reversible formation of a mixed
protein–SG sulfide linkage (forward and back reactions in
C above). The equilibrium fraction of inactive enzyme in-
creases in proportion to the fraction of protein heterodisul-
fide adduct (PrSH)/(PrSSG), which is proportional to the sur-
rounding GSH:GSSG redox ratio (for reviews, see 9, 11).

[PrSH]
= K

[GSH]

[PrSSG] [GSSG]

The redox responsiveness of individual enzyme sulfhydryls
can differ markedly in association with accessibility, sur-
rounding interactive structures, pKa, metal interactions,
etc. (11). Separate studies indicate that some recombinant 
L-cathepsins are uninhibited by GSSG concentrations that
markedly inhibit cathepsin B under identical conditions, e.g.,
cruzain or falcipain-2. Experimentation with redox buffers
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does not clearly distinguish covalent protein heterodisulfide
formation from an enzyme inhibitory effect of the stable in-
dependent disulfide bond. Second, a protein sulfhydryl might
form multisulfide bonds with more than one nonprotein
sulfhydryl as reviewed previously (11). Third, multiple pro-
tein redox sites on the same protein are also conceivable, e.g.,
reactive site amino acids, internal disulfides, surface mono-
sulfhydryls, bound metal ions.

In microbes, the GSH:GSSG redox ratio can indeed vary
markedly under metabolic shifts. However, mammalian cells
normally maintain major redox couples 99% reduced. Al-
though the mammalian intracellular GSH:GSSG redox ratio is
defended, the total reduced GSH concentration can vary
markedly as part of normal cell function, e.g., diurnal fluctua-
tions (9). Present results indicate that the reduced GSH concen-
tration might be a more important protease controlling factor
than the GSH:GSSG redox ratio, except under gross pro-
oxidative metabolic shifts. Present results do not demonstrate
that the dithiolane ring of LA(S-S) is a significant cathepsin B
inhibitor at likely endogenous levels (Fig. 5). Nonetheless, in
vivo and ex vivo correspondences are unknown. Interestingly,
some oxidized thioredoxins are suggested to serve as protein
oxidants under some circumstances (8).

Lipoic acid as a pharmacologic or 
endogenous modulator of cysteine proteases

Cells can export and import pharmacologically adminis-
tered lipoic acid. Oxidized lipoamide disulfide taken up by
cells can be readily reduced by either thioredoxin reductase or
glutathione reductase (1, 6, 14). Speculatively, either protein-
ligated or nonbound endogenous DHLA could serve in the ac-
tivation of proteolysis (15, 23, 40). A proteolytic controlling
role of DHLA could be associated with direct DHLA reduc-
tion of protease active sites and/or indirect reduction of inter-
mediaries that might influence protease active sites.The exact
endogenous DHLA concentration is uncertain. However, mi-
tochondria normally undergo extensive fusions with the lyso-
somal vacuolar system, thereby creating a partitioned prote-
olytic compartment with concentrated DHLA (9, 13, 39).

Redox-responsive protein degradation could conceivably
enhance or limit the many functions served by cysteine pro-
teases in diverse cell types. For example, recent studies sug-
gest that supraphysiologic reductive stress might be among
pro-apoptotic factors (28, 36), and that cathepsin and calpain-
mediated proteolysis might contribute to apoptogenesis (4,
10, 28). Many targets might permit development of pharma-
cologic intervention against excess or insufficiency of redox-
responsive proteolysis in various applications (34).

ACKNOWLEDGMENTS

This work was supported by a grant from the American
Heart Association, regional affiliate.

ABBREVIATIONS

AMC, 7-amino-4-methylcoumarin; CDNB, 1-chloro-2,4-
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